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SUMMARY 
The drying of bulky, porous^ fibrous materials using microwave 
heating was investigated analytically and experimentally. Analytical 
equations were obtained in general form which described the heat and mass 
transfer processes throughout the sample during drying. The equations 
were simplified in light of the experimental findings and the solutions 
to the simplified equations used to predict and explain the drying char-
acteristics during the constant rate period of drying. 
The experimental study consisted of measuring the variation of 
the internal temperature, pressure, and moisture content during the dry-
ing of packages of cotton yarn using microwave heating at both 915 mega-
cycles per second and 2̂ -50 megacycles per second. In addition to the 
internal property variations, the total moisture content of the sample 
was monitored throughout the drying process. The results of these 
measurements showed that the temperature of the entire sample rose rather 
uniformly to the local water boiling temperature and then remained at 
this temperature throughout the majority of the drying process. The 
moisture content remained uniform throughout the sample during drying, 
i.e., the center dried as rapidly as the surface. The drying process 
consisted primarily of vaporization of the moisture throughout the prod-
uct and the flow of this vapor from the product to the surrounding at-
mosphere. The rapid internal vapor generation caused an internal pres-
sure gradient to be established and the pressure gradient provided the 
Xlll 
potential for moisture flow. The drying rate and the vaporization rate 
were proportional to the rate of energy addition to the sample with the 
constant of proportionality being the latent heat of vaporization of 
water. 
Samples of cotton yarn, identical to samples dried with microwave 
heatings were dried using conventional convective hot air heating in order 
to provide a basis for comparison of drying processes with two types of 
heating. It was found that when microwave heating was used the constant 
rate period comprised the majority of the drying process. The point of 
critical moisture content occurred at a much lower moisture content with 
microwave heating than with conventional heating. Using microwave heating, 
a "liquid movement period" of drying was sometimes observed towards the 
end of the initial adjustment period. During the liquid movement period, 
liquid water is "blown" from the sample by the buildup in internal pres-
sure accompanying the rapid moisture vaporization as the internal tem-
peratures approach the boiling temperature. No corresponding drying 
period exists with conventional heating. The most significant variation 
between drying using microwave heating and using conventional heating is 
the possibility of a much more rapid drying rate using microwave heat-
ing. During this research, three-pound samples of cotton yarn were 
dried from over 200 percent initial moisture content in two hours using 
microwave heating. The results of this research indicate that this dry-
ing rate could be increased many tines, without the danger of product 
damage, by increasing the energy output of the microwaves oven. Identi-
cal samples dried using convective hot air at 300°F took over 2k hours 
to dry with considerable product damage due to overheating of the prod-
XIV 
uct's surface. 
In order to study the internal moisture movement, a measurement 
technique was developed which allowed the measurement of internal mois-
ture. The technique consisted of shining a collimated gamma ray beam 
through the sample and measuring the attenuation of the beam due to the 
water in the beam's path. This technique of moisture measurement is 
particularly useful during microwave heating as the gamma ray beam is 
unaffected by the microwave field. 
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NOMENCLATURE 
a experimental microwave attenuation coefficient, l/in 
b pore filling factor 
c vapor concentration factor, in2/lb 
c specific mass capacity, l/MPU 
"c average specific mass capacity, l/MPU 
c specific heat of k component, Btu/lb °F 
D microwave penetration depth, in 
Dv concentration diffusion coefficient of the k component, 
in4/sec k 
E electromagnetic field voltage gradient, volts/in 
E volumetric concentration of energy, Btu/in3 
f frequency of the microwave field, cycles/sec 
h enthalpy per unit mass of kJ component, Btu/lb 
K 
h external heat transfer coefficient, Btu/hr ft2 °F 
h external mass transfer coefficient, lb /hr ft2 °MPU 
m m' 
H volumetric concentration of enthalpy, Btu/in3 
I intensity of a radiation beam, photons/sec 
I intensity of a radiation beam after shining through a dry 
product, photons/sec 
I intensity of a radiation beam after shining through a 
reference attenuator, photons/sec 
J n mass flux of k component, lb /sec 
umk * ' m1 
XVI 
j heat flux by conduction, Btu/sec 
q J 7 ' 
k thermal conductivity of the material, Btu/hr ft °F 
K^ permeability of the material, lb in 
f m 
N number of counts per counting period recorded when measuring 
the radiation beam intensity 
N-, number of counts per counting period recorded when measuring the 
radiation beam intensity through dry product 
N number of counts per counting period recorded when measuring the 
radiation beam intensity through a reference material 
p pressure^ lb /in3 
p pressure of surrounding atmosphere, lb^/in3 
00 I 
P power per unit volume,, watts/in3 
q internal energy generation within sample, Btu/sec in3 
R the value of the dimension, x, at the surface, in 
t temperature, °F 
t temperature of surrounding atmosphere, °F 
00 
th / 
u, mass concentration of the k component lb /lb 
k nr m 
th th 
W w strength of source of the k component from the r component 
per unit volume, lb /in3 
kr 
j;:' 
x generalized distance outward from center of the sample, in 
Z atomic number of the nuclear radiation absorber 
Q! plane wave attenuation factor, l/in 
|3 pair-production attenuation coefficient, l/in 
7 photoelectric effect attenuation coefficient, l/in 
6 loss angle 
5 Soret coefficient of thermal diffusion 
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G dielectric constant or real part of the complex dielectric 
constant 
G '' loss factor 
G* complex dielectric constant 
G 0 dielectric constant of free space 
th 






V coefficient of mass transfer potential of k component 
th 
K coefficient of thermal mass transfer potential of k component 
A.'' coefficient of molar or filtration mass transfer potential of 
k component 
th 
viscosity of the k component, lb/sec in 
total radiation attenuation coefficient, l/in 
IT porosity of the dry body 
a Compton effect attenuation coefficient, l/in 
th 
p density of the k component^ lb /in3 
T time, sec 
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CHAPTER I 
INTRODUCTION AND BACKGROUND 
General 
Drying generally refers to the removal of a liquid, usually water, 
from a solid by evaporation of the liquid. For many years the drying of 
thick bulky fibrous products such as textiles, paper, and grains has been 
a problem of industrial concern. The moisture removing process is generally 
expensive and time-consuming. Therefore, Improvements in drying methods 
are continuously sought. 
Problem 
It is especially difficult to remove moisture from thick, bulky 
textile-like materials such as spools or cylinders of fabric or yarn. 
The conventional method used for drying is to circulate hot dry air 
around the product to be dried. As this type of drying proceeds, a dry 
outer layer will form around the product, surrounding the still wet inner 
core. In order for drying to proceed rapidly, it is necessary to raise 
the vapor pressure of the product's internal moisture. In order to in-
crease the vapor pressure, energy must be added to the internal moisture 
to raise its temperature. In conventional drying this energy is conducted 
into the inner portions of the product from the heated surface by the pro-
cess of heat conduction. Textile-like materials are generally good -in-
sulators, however, and this heat conduction process can be very slow. The 
rate of energy conduction could be increased by raising the surface tern-
2 
perature, but the maximum allowable surface temperature is limited as prod-
uct damage is observed at high temperatures. For textile products, the 
limitation on the surface temperature is often below 200°F. In general, 
the factor limiting the drying rate for bulky fibrous materials is the 
difficulty of supplying the energy to the moisture deep within the prod-
uct « 
Microwave Keating 
One method that may be used to Increase the energy addition rate 
to the moisture within the product involves the application of microwave 
heating- Microwave energy is a form of electromagnetic energy* Radar 
systems, television stations, and the like transmit electromagnetic energy 
at microwave frequencies. Microwave generators can be manufactured which 
will produce this electromagnetic energy at a number of specific micro-
wave frequencies suitable for commercial heating applications. 
Electromagnetic energy at microwave frequencies is much more pene-
trating than radiant heat of infrared frequencies. During the process of 
microwave heating the electromagnetic energy penetrates deeply throughout 
the material. Dielectric materials such as water absorb electromagnetic 
energy and convert it to its thermal equivalent. This energy appears as 
internal thermal heat generation within the sample. By using microwave 
heating it is possible to add large amounts of energy to internal por-
tions of the sample very rapidly» Textile-like products are much poorer 
absorbers than water and therefore the wetter portions of the product tend 
to absorb the most energy. This is usually the desired situation during 
a drying process. By using microwave heating it is possible to dry many 
materials much faster than it is possible to do using conventional heating. 
I 
3 
An example of this is the drying of packages (cakes) of viscose rayon yarnc 
Electromagnetic energy of the low microwave (radio) frequencies is presently 
2 
used to dry viscose rayon, In this application the commercial electro-
magnetic dryer dries three-pound cakes of rayon yarn in twenty minutes., 
with an improvement of product quality ove:- the conventional drying pro-
cess which takes up to 120 hours, 
Microwave heating is not presently widely used for commercial dry-
ing applicationso However., the design of microwave generators has for 
many years "been of great interest to the radar and communications indus-
tries. In recent years it has "become obvious that larger, more powerful 
microwave generators are required for these applications* Because of the 
defense and space requirements, the Federal Government supports much re-
search for the development of larger, better generating devices. Great 
advancements have recently "been made in the design of high power, high 
efficiency, microwave generators for radar and communications equipment. 
Several electronic equipment manufacturing companies, have observed the 
potential commercial applications and are applying this previously de-
veloped experience and technology to the construction of microwave 
generating equipment for commercial applications. The transition from 
generating equipment designed for radar applications to equipment for 
commercial usage is not a simple oneD However, each year microwave equip-
ment manufacturers are offering for sale new, more powerful, and more effi-
cient generating equipment suitable for commercial applications. 
One of the predominant factors limiting the commercial application 
of microwave heating to drying problems Is the lack of design data for the 
design of microwave heating chambersa Although technology developed for 
k 
radar and communications applications may he applicable to the design of 
the microwave generating equipment, such technology is only indirectly 
applicable to the design of the heating chamber for applying this micro-
wave energy to a specific product» Some specific information required for 
the design of a microwave dryer is information concerning the heat and mass 
transfer situation inside the material being dried. The heating processes 
with microwave heating vary considerably from the processes with conven-
tional heating. Consequently the drying processes vary considerably. Very 
little published data exists on the transport processes occurring inside 
textile-like products when they are heated using microwave energy. The 
research described in this dissertation is primarily an investigation of 
these internal transport processes. 
Review of the Literature 
A review of the literature may be divided into two separate sec-
tions. One consists of a review of T-he area concerning the heat and mass 
transfer processes during drying. The second consists of a review of the 
application of microwave energy for the purpose of heating. 
3 
The pioneer statements regarding drying were published by Lewis 
k in the early 1920 s. About the same t:_mê  Carrier presented a theory of 
evaporation from a thermodynamic standpoint and also pointed out how the 
chemical and physical behavior of the material being dried affects the 
5 6 7 
drying rate.. Several papers by Sherwood 3 ' and his co-workers further 
extended the understanding of the mechanism of the drying of solids by ex-
planations of the propagation of moisture through solids during drying= 
The work of these early authors was extended and applied to the particular 
5 
application of the drying of thick "bulky fibrous materials by McCready and 
o 
McCabea The drying of wound cylinders or spools of textile fabric or yarns 
9 
was investigated "by Bell and Grosberg. further work by Bell and his co-
worker Sj, (Nissan,, Kaye and Bell, " Bell and Nissan ) , described in great 
detail the processes occurring inside bulky textile materials during dry-
ing, These investigations included a thorough investigation of the tempera-
ture and moisture profiles inside the sample during drying using conventional 
hot air heating. Much of the work done by these and other investigators is 
summarized and compared by Perry. Perry presents a very thorough biblio-
graphy of the works of the numerous people interested in the various pro-
cesses of drying. 
The diffusion of moisture throughout the drying body is an important 
part of the drying process<> The moisture diffusion process through a por-
12 n 
ous media is discussed in detail by Barrer, Carman discusses the dif-
fusion of gases through a porous media due to a pressure gradient and this 
work is quite helpful in analyzing the diffusion process of water vapor 
during drying employing microwave heaving.. 
A. V, Luikov and his co-workers in ":he U.S.S.R, presented a set of 
differential equations which approximated the internal heat and mass trans-
fer situation inside a porous textile body during drying. A discussion of 
the development of these equations is presented by Luikov in one chapter 
ik-
of a book edited by Irvine and Harnett., Solutions to simplifications of 
these equations for several geometries and boundary conditions were compiled 
1*5 
in a book by Luikov and Mikhaylov* ' 
All of the works referenced above concern themselves with drying 
using conventional hot air heatingo None of the investigators was speci-
6 
fically concerned with drying situations employing microwave heating but 
their work is quite useful in analyzing all drying situations. 
The investigations mentioned above were concerned with the analysis 
of the heat and mass transfer situation inside the drying material. Many 
other investigators have studied the external heat and mass transfer prob-
lem by investigating the boundary layer buildup, etc., about bodies drying 
in an air stream. The work of these investigators will not be cited here, 
as an investigation of the external drying situation is not directly appli-
cable to drying using microwave heating. 
Historically, the area of microwave heating developed separately 
from the area of drying. Much of the earlier work in microwave heating 
considered such heating an adverse effect. As a consequence, microwave or 
dielectric heating is often referred to as a dielectric loss. Most investi-
gations were concerned with the heating of the dielectric materials used in 
the construction of capacitors and with the attenuation of microwaves during 
their transmission through various materials. 
The basic interpretation of the dielectric phenomena, which in-
16 
eludes the phenomena of microwave heating, is usually attributed to Debye. 
This basic work has been extended considerably by many investigators. Some 
have been concerned primarily with the dielectric behavior of the substances 
themselves, and, through the actions of the molecules in the electric fields, 
they have derived information on the chemical structure. A comprehensive 
17 work by Smyth summarizes the theory and experimental data of this area, 
Another book discussing the molecular behavior of materials in a microwave 
1 A 
field is presented by Frohlich. Frohlich discusses the dielectric loss 
theory with respect to the variation of temperature and atomic structure of 
7 
the material and the frequency of the applied field. Further treatment of 
1Q 
the theory of dielectric heating is presented by von Hippie and his asso-
ciates. In addition to discussing the heating phenomena, von Hippie pre-
sents an extensive tabulation of the dielectric properties of many materials. 
An excellent reference discussing the transmission of microwave energy is 
20 
a book by Moreno. All of the previously referenced authors have been 
concerned with microwave phenomena in general. Other investigators have 
been primarily interested in the heating aspects of microwave energy and 
have discussed the application of such heating to particular materials, 
21 
Cable discusses a number of possible applications of low frequency micro-
wave heating. Another thorough discussion of the theory of low frequency 
22 
microwave heating is presented by the German author Goldstein. Micro-
wave heating at the higher microwave frequencies is discussed by Feiker 
23 2k-
and Gittinger and by Schmidt et al. These authors were primarily in-
terested in the heating of materials for purposes other than drying, however. 
Very little work has been published concerning the application of 
25 
microwave heating to the problem of drying. Gopson ' has authored a very 
fine book concerning the application of microwave heating to the food in-
dustry. He discusses in some detail the principle of using microwave heat-
ing to sublime frozen moisture during the freeze drying of food products. 
His book also provides an excellent bibliography in the field of microwave 
26 
heating. Harper and Chichester also have published their investigation 
concerning the application of microwave heating to freeze-drying processes. 
27 Birks discusses some specific applications of microwave heating for the 
drying of textiles but he deals mainly with the dielectric properties of 
the material rather than with the heat and mass transfer phenomena. 
8 
This writer knows of no published comprehensive discussion concern-
ing the heat and mass transfer situation during the drying of bulky fibrous 
materials using microwave heating. 
Statement of Intent 
It is the intent of the research investigation described in the 
following chapters to study the heat and mass transfer situation inside 
large packages of cotton yarn as these packages are dried using microwave 
heating. The yarn packages are obtained by winding the yarn on a small 
paper core. The package size ranges up to five and one-half inches in 
length and eight inches in diameter and with a dry weight of three and one-
half pounds. The packages are of the geometry used throughout the yarn 
industry during package dyeing or bleaching. Although this research has 
been conducted using the particular textile material described above, it 
is believed that the results are directly applicable to the microwave drying 
of many bulky, fibrous textile and paper products. 
The research investigation is divided into two parts, a theoretical 
investigation and an experimental investigation. During the theoretical in-
vestigation, equations are developed which describe the internal heat and 
mass transfer situation. These equations are then simplified in light of 
the experimental findings and the solutions to the simplified equations 
compared with the experimental results. The primary value of the theore-
tical results is that they predict and substantiate the general shape of 
the temperature, pressure, and moisture profiles measured experimentally. 
Also, the significance of the measured parameters may be analyzed by exam-
ining how they affect the theoretical equations. 
9 
The experimental investigation consists of the measurement of the 
temperature, pressure, and moisture profiles inside the drying yarn package„ 
The total weight loss of the sample is also recorded during the drying pro-
cess. By moisture sealing different "boundaries of the sample, it is pos-
sible to examine different one-dimensional drying situations. The drying 
characteristics are examined for samples of different sizes. Also, drying 
using microwave heating is compared with drying using conventional heating. 
In order to measure the moisture profile inside a drying material, 
it is necessary to develop a technique for measuring the local moisture 
content inside the sample. The requirements of such a technique are par-
ticularly stringent for this application. Because of the microwave field, 
no conductors, such as copper wire, can "be placed in the sample. A tech-
nique for measuring the local moisture content using a beam of gamma rays 
was developed. It is felt that this is a very useful technique for study-
ing the internal moisture content for many drying situations. A discussion 
of the principles of using gamma rays to measure the internal moisture pro-




Definition of Terms 
Drying refers to the removal of liquid from a solid by thermal means. 
This definition distinguishes drying from mechanical methods of removing 
liquids from solids. Drying generally involves the removal of a liquid by 
evaporating the liquid and diffusing this vapor into the atmosphere sur-
rounding the drying body. The evaporation process may take place at the 
surface of the body or within the body. In the general sense, the term 
drying may apply to the removal of all types of liquids from a solid. How-
ever; throughout this discussion the term drying vill be restricted to mean 
only the removal of water from a solid into an air atmosphere„ 
The following definitions which are presented in Perry " are useful 
when discussing drying. 
Bound moisture is that liquid held by the solid which exerts a vapor 
pressure less than that of the pure liquid at the same temperature. 
Liquid may become bound by retention in small capillaries,, solution 
in cell fiber walls, homogeneous solution throughout the solid, and 
by chemical or physical absorption on solid surfaces. Bound moisture 
can be removed from a solid only under specific conditions of humi-
dity in the external surroundings. 
Unbound moisture is moisture which exerts a vapor pressure equal to 
that of a pure liquid at the same temperature. Unbound moisture is 
that moisture in excess of the equilibrium moisture contento 
Equilibrium moisture content is the moisture content at which the 
drying body is in equilibrium with the surrounding air under a speci-
fic air temperature and humidity. Once the equilibrium moisture con-
tent is established, moisture will, no longer flow from the body into 
the air. 
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Free moisture content is that liquid which is removable at a given air 
temperature and humidity. It may include both bound and unbound mois-
ture. 
Hygroscopic material is one that may contain bound moisture. 
Non-hygroscopic material is one that can contain no bound moisture. 
All water in a non-hygroscopic material is unbound water. 
Initial moisture distribution refers to the moisture content through-
out the material at the start of drying. 
Dry weight basis indicates that the moisture content of the wet solid 
is expressed as pounds of water per pound of dry solid. 
Constant rate period is that drying period during which the rate of 
water removal per unit drying surface is constant. 
Falling rate period is that drying period during which the instan-
taneous drying rate continuously decreases. 
The drying of bulky textile materials using conventional hot air dry-
8 
ing has been investigated in some detail by McCready and McCabe, Nissan,, 
Kay, and Bell, Bell and Nissan, and others. The processes of moisture 
and energy migration with this type of heating are quite well understood. 
A review of the characteristics of drying using conventional heating is 
discussed in the following paragraphs. 
In order to analyze the drying process, it is convenient to divide 
the process into several drying regions. A typical curve describing the 
change in the moisture content of a drying body with respect to time, when 
the body is heated and dried by circulating hot air over the body surface, 
is shown in Figure 1. The variation of the drying mechanisms during the 
different periods of drying can better be explained by plotting the drying 
rate as a function of the moisture content of the material. Such a curve 
is shown in Figure 2. The different periods of drying may be analyzed by 
observing the shape of this curve. The period A-B represents an initial 
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Figure 2. Typical Drying Rate Curve for Drying Using 
Conventional Heating. 
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adjustment period. During this period the sample is being heated to a 
pseudo-equilibrium temperature with the surrounding atmosphere. If the 
sample surface is very wet, rapid drying may be experienced during this 
period. 
The period B-C represents the constant rate drying period. During 
this period the drying rate is relatively constant regardless of the mois-
ture content of the body. This period of drying is typified by evaporation 
from a free water surface at the surface of the solid. The rate of drying 
is essentially equivalent to the rate of evaporation for the same external 
conditions from the surface of a container of water with no solid present. 
For such a case, the rate of drying is determined by the rate of diffusion 
of energy and water vapor through the air film surrounding the surface of 
the solid. The moisture leaving the surface is replenished by moisture 
migrating from within the sample to the surface in liquid form. All of the 
vaporization takes place at the surface and consequently the energy pro-
viding the latent heat of vaporization must be transferred only through 
the air boundary layer surrounding the product. 
During this constant rate period, the temperature of the surface of 
the solid tends to remain constant. When the heat transfer mechanism from 
the surface into the surrounding atmosphere is primarily by convection 
(negligible radiation and conduction), the surface temperature will be 
near the wet bulb temperature. If. the. effects of radiation and conduction 
to the surface of the material are sizable, the surface temperature will 
lie between the wet bulb temperature and the surrounding air temperature. 
As drying proceeds it becomes impossible for liquid water to migrate 
to the surface as fast as this water may be evaporated at the surface. As 
Ik 
such migration becomes slower and slower the drying rate is reduced. • This 
period is defined on the drying rate curve by that portion of the curve,, 
C-D, and is called the falling rate period. During this period the drying 
rate is continuously decreasing. 
The moisture content that separates the falling rate period from 
the constant rate period (point C) is designated as the critical moisture 
content. If the critical moisture content is less than the required final 
moisture content, the constant rate period will, constitute the whole drying 
process. On the other hand, if the initial moisture content is less than 
the critical moisture content, as is the case for slow drying materials 
such as wood, the whole drying process will be in the falling rate period. 
The textile materials analyzed experimentally during this research investi-
gation showed drying characteristics of both periods. 
During the falling rate period, the drying rate is continuously de-
creasing. During the first phase of the falling rate period, the drying 
rate is decreased because only portions of the surface are saturated, de-
creasing the effective drying area. As drying proceeds, the moisture front 
recedes into the material leaving a dry outer layer. The temperature of 
the dry layer will be greater than the wet-bulb temperature of the vapori-
zation front andjconsequently, no free water can exist in this zone. In 
hygroscopic materials, some bound water may be present however. Typical 
temperature and moisture prof iles..for '/this situation, are diagrammed in 
Figure 3» This figure represents a symmetrical body of infinite height 
with moisture flow perpendicular to the centerline of the body. 
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Figure 3» Temperature and Moisture Profiles During the Falling 
Rate Period for Drying with Conventional Heating 
In order to vaporize the moisture within the product; it is neces-
sary to add the heat of vaporization to the moisture "below the product's 
surface. In conventional hot air drying of thick materials, a temperature 
gradient is established between the surface of the material and the va-
porization front, and energy is transferred by the process of heat con-
duction. The moisture vaporized within the body must diffuse out through 
these dry outer layers. A balance is established with the outward 
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vapor flow proportional to the rate of inward heat conduction; the pro-
portionality constant being the latent heat of vaporization. If the mois-
ture diffusion process can not keep pace with the heat conduction, the 
temperature of the moisture within the material will increase. Accompany-
ing the temperature increase will be an increase in the partial pressure of 
the vapor within the body, increasing the outward diffusion and thereby re-
establishing a balance. It is even possible for the moisture to vaporize 
so rapidly that an internal pressurization occurs^ the pressure gradient 
further increasing the moisture diffusion. Should the heat conduction 
process not keep pace with the vapor diffusion, the flow of vapor will be 
restricted to less than that potentially attainable, thereby limiting the 
drying rate. 
In the case of textile-like products such as packages of yarn wound 
in cylindrical shape, the permeability of the yarn package is quite high. 
There is little restriction to the flow of vapor. On the other hand, the 
thermal conductivity of the material is quite low. The heat conduction 
process is therefore very slow. The heat conduction process may be in-
creased by increasing the temperature of the surface of the material. 
However, most textile materials have a maximum .surface temperature above 
which damage to the product occurs. For seme textile yarns the maximum 
allowable temperature is quite low. Therefore, using conventional heating, 
the maximum drying rate may be very slow. 
When microwave heating is used, the heat transfer problem is quite 
different and the heat and mass transfer theory described above must be 
modified.. When analyzing the drying situation using microwave heating, a 
familiarity with the principles of drying using conventional heating is use-
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ful for comparing the similarities and differences in the two situations. 
During drying using microwave heating, the primary mechanism provid-
ing the heat of vaporization is the thermal heat generation due to microwave 
absorption. The heat conduction process is a minor energy transfer mech-
anism. In many instances the temperature profile is reversed from that 
typical of conventional drying. The surface is cooler than the internal 
portions of the product indicating that the heat conduction acts in the 
opposite direction, from, .that typical of. .conduction .processes using conven-
tional heating. 
The use of microwaves allows rapid addition of thermal energy inside 
the drying body without danger of overheating the surface of the material. 
Thus, using microwave heating, it is possible to heat the moisture within 
the material to temperatures approaching 212°F. This means that the in-
ternal vaporization will be quite rapid. Often the vapor is generated 
faster than it can diffuse out of the body due to partial pressure differ-
ences alone. Therefore, there may be a buildup in the total pressure in-
side the sample. When the total pressure gradient becomes large enough, 
the vapor movement may be primarily due to this total pressure gradient. 
In extreme cases it is possible to rupture the product by establishing a 
very large internal pressure,. 
Curves describing the drying rate versus the moisture content, which 
were useful for describing conventional drying processes, are also quite 
useful when describing microwave drying. During microwave drying, the con-
stant rate period generally extends to a much lower moisture content than 
in conventional drying. A comparison of the drying rate curves for the two 
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heating situations is discussed in Chapter VIII. The mechanisms and 
characteristics of microwave drying are discussed in detail in Chapters 
IV, VII, and VIII. 
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CHAPTER I I I 
MICROWAVE HEATING PRINCIPLES 
P r i n c i p l e s of Microwave Absorpt ion 
Microwave energy i s a form of e l ec t romagne t i c energy. E l e c t r o -
magnetic energy i s c l a s s i f i e d "by i t s frequency, which i s the r a p i d i t y 
wi th which the wave form occu r s . The e lec t romagne t i c spectrum can he 
considered as an a r r a y of energy sources a t f requenc ies extending from 
sound waves t o cosmic r a y s . A "breakdown of the spectrum i s shown in 
Figure k. Microwaves c o n s i s t of t h a t p o r t i o n of the spectrum a t higher 
f requenc ies than sound waves but lower than in f r a red r a y s . Generators 
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Figure 4. Electromagnetic Spectrum 
20 
are available which produce radiation within this frequency band. Energy 
from these generators possesses elestromagnetic.' pro.psrties; microwave heating 
is the process of converting this electromagnetic energy to its thermal 
equivalent. The energy is transported by the waves from the generator to 
the material being heated. Some dielectric materials absorb a portion of 
the electromagnetic energy which appears as thermal heat generation within 
the product. Most materials that are not good electrical conductors can be 
considered as dielectric materials and will under proper circumstances ab-
sorb energy from the electromagnetic field. Good conductors are good re-
flectors of microwaves and therefore will not absorb appreciable energy. 
Dielectric or microwave heating should not be confused with induction 
21 
heating which is used to heat electrical conductors such as metals. The 
principle of induction heating is that the applied high-frequency magnetic 
field causes the free electrons of the metal to flow in eddy currents with 
heat being generated by ohmic and hysteresis losses. In contrast to metals,, 
dielectric materials have few free electrons. The frequencies used for in-
duction heating are in general much lower than those used for dielectric 
heating. For example, metals are used to build guides, baffles, and oven 
cavities to contain or control microwave energy. During dielectric heating 
the absorption by the metal walls is negligible and no heating of the metal 
i s o b s e r v e d . - •.••'•:••••• '•••--
A true description of the absorption of electromagnetic energy by 
dielectric materials is quite complex. Detailed descriptions of various 
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phases of the process are discussed by Birks, Smyth, Frohlich, and 
19 31 A. von Hippie. ; In general, at microwave frequencies, the absorption 
of electromagnetic energy is the result of contributions from four mechanisms 
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(1) Electronic Polarization 
(2) Atomic Polarization 
(3) Orientation of Permanent Dipoles 
(k) Ionic or Electronic Conduction 
The first three of these involve strain or movement of molecules or atoms. 
Through this strain, energy is absorbed from the applied electromagnetic 
field. As long as the frequency of the applied energy is below the resonant 
frequency of the molecule (the general circumstance at microwave heating 
frequencies) this absorbed energy appears as internal heat generation within 
the ; material,. : . 
Electronic polarization is the slight displacement of the electrons 
in the individual atoms and molecules due to the applied electric field. 
When an electric field is applied to a dielectric the negatively charged 
electrons are displaced slightly relative to the heavier positively charged 
atomic nuclei. Hence, each molecule acquires an induced dipole moment. 
When atoms combine to form molecules, the charge distribution in the atoms 
is usually asymmetric, with the valence electrons localized in the region 
of the chemical bonds. The applied electric field thus acts on the atoms 
in the molecules similar to the action on the electrons of the individual 
atoms. A slight distortion in the normal charge distribution occurs, 
causing a relative displacement of the atoms of the molecule. This effect 
is termed "atomic polarization." Electronic and atomic polarization occur 
in all dielectric materials. 
In many materials the molecules possess a permanent polarization due 
to distribution of the atoms of the molecule. Typical of this type of 
material is liquid water. For water, the two hydrogen atoms are attached 
22 
to the oxygen atom asymmetrically. Because of the asymmetric arrangement of 
the hydrogen atoms, the whole molecule has a polarity. When an electric 
field is applied the molecule will try to align itself with this electric 
field. This molecular alignment is opposed by the statistical motions of 
the molecules due to their temperature. The average amount of distortion 
will be a function of the viscosity, and as a result the temperature of the 
material. This molecular alignment is termed dipole orientation. 
The electronic, atomic, and dipole polarizations all result from 
displacements of charges hound to the atoms or molecules. In addition, 
there is some migration of free electrons. Although the resistivity of 
dielectric materials is very high, it is not infinite and there will be 
some free electron movement due to the applied electric field. This elec-
tron movement causes resistance heating.. 
These mechanisms describe the electronic, atomic, and molecular 
movements that occur when an electronic field is applied across a dielectric 
material. Associated with each type of dielectric polarization is a charac-
teristic relaxation time. The relaxation time represents the time necessary 
for the polarization to respond to the applied electric field. The energy 
absorption of the material from the electric field will be a maximum when 
the field is alternating at a frequency corresponding to one over the relax-
ation time of the polarization process. If the electric field is alternat-
ing much faster, the polarization will be only partially or insignificantly 
established before the field reverses. If the field is alternating much 
slower, the electrons or molecules have a resting period between each 
distortion and consequently maximum absorption is not achieved. Some 
characteristic relaxation times are: for electronic polarization, * 10 
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sec; for atomic polarization, * 10" ' to 10 sec; for dipole orientation 
-3 -10 
in polar materials, « 10 to 10 sec. Tables cf dielectric relaxation 
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times may he found in Digest of Literature on Dielectrics. Because of 
the effect of the relaxation time, the amount of energy absorption by each 
of the polarization processes is frequency dependent. Often several of 
these energy absorption mechanisms have significant effects at a particular 
microwave frequency. The total effect is the sum of the individual effects. 
If the electric field applied across the material is too large (i.e., 
large voltage gradient) a breakdown of the insulation resistance of the 
material will occur. Loosely bound charges which do not migrate at low 
electric fields^ are liberated at high fields and become free charges, thus 
increasing the conductivity of the material. The conductivity increases 
with the applied field until ultimately breakdown occurs. This breakdown 
is characterized by arcing within the material. This arcing usually causes 
product damage. An excellent reference on the dielectric breakdown strength 
29 of solid materials is a review article on this subject by Mason published 
in Volume I of Progress in Dielectrics. The dielectric breakdown of liquids 
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is discussed by Lewis. 
The energy absorbed by a dielectric material is a function of both 
the material and the applied field. Although the expression for the power 
absorbed by a dielectric material may be written in several forms, the 
following expression is common 
F' — lt'e'.' f E 2 (3-1) 
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where P is the power absorbed per unit volume, watts per cubic inch 
f is the frequency of the field, cycles/sec 
E is the rms voltage gradient of the field, volts per inch 
e '' is the loss factor of the material; farads per inch. 
The loss factor of the material; e ' ', is a property of the material and 
lumps together the effect of the different loss mechanisms. For a given 
electromagnetic field the loss factor specifies the absorption character-
istic of the material. The loss factor is generally a function of fre-
quency. 
When discussing the dielectric properties of a material it is cus-
y~ 
tomary to define a complex dielectric constant; e • 
e*= e' - J G " (3-2) 
A complex dielectric constant so defined, has the same significance as the 
dielectric constant defined when considering the ordinary capacitor. The 
loss factor is the imaginary part of the complex dielectric constant. The 
real part of the complex dielectric constant is often called "dielectric 
constant;" omitting the designation "real part." 
For the purpose of measurement and tabulation; the complex dielec-
tric constant is often considered in polar form. This leads to the defi-
nition of the phase angle of the complex dielectric constant; 6. This 
angle is designated as the "loss angle." The "loss tangent" of the ma-
terial is then defined as 
tan 5 = --- (3« 3) 
G 
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The loss factor for a material can then be written as 
G '' = (dielectric constant)*(loss tangent) (3-^) 
e ' ' = £ tan 6 
Usually the dielectric constant and loss tangent are tabulated separately 
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for a material. A. von Hippie, ' Moreno, Smyth, Birks, all tabu-
lated these quantities for a number of materials at microwave frequencies. 
Both the dielectric constant and loss tangent are, in general, functions 
of frequency. However, for some materials in the microwave frequency range, 
the dependence of the dielectric constant on frequency is small. 
Another quantity sometimes mentioned in the literature instead of 
the loss tangent is the power factor. The power factor is the cosine of 
the complementary angle of the loss angle, i.e., cos (90° - o). If the loss 
angle, o, is small, which is usually the case, the power factor will approx-
imate the loss tangent as seen by the following trigonometric relations. 
tan 8 = sin 6 = cos (90° - §) 
For the purpose of tabulation the dimensionless ratio is often formed 
<-% 
1 -( Where G is the dielectric constant of free space and has a value ... x 10 ' 
-13 
farads per meter of 2.25 X 10 farads per inch. The dimensionless di-
electric parameter, e', is called the "relative dielectric constant" of the 
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material. 
An examination of the equation describing the power absorption of 
a given material indicates that the absorption increases with both frequency 
and voltage gradient. The maximum voltage gradient that may be used is 
often limited by the breakdown voltage of the microwave generating equip-
ment. The higher the frequency of the waves, the lower is the required voltr 
age to obtain a given heating rate. Because the power absorption is a 
function of the frequency, some materials which do not heat at all at 
lower frequencies can be heated at higher frequencies. Since the power 
absorption is proportional to the frequency, there is a reduction in pene-
tration with increasing frequency. The relationship between power absorp-
tion and frequency is not a simple direct relationship because the loss 
factor is a function of frequency. 
In the microwave range, the loss factor of water is large enough 
that water will absorb considerable energy from the field regardless of 
the specific frequency. For heating water, the choice of frequency is 
mainly based upon selecting penetration depth and specifying generating 
equipment geometry. .7or microwave frequencies, the loss factor of water 
is many times greater than the loss factor of such textile materials as 
cotton, rayon, nylon, etc. Therefore, microwave heating is especially 
attractive for drying textiles as the energy of the field is absorbed 
mainly by the moisture and only to a minor extent by the dry product. This 
means that energy can be rapidly added to moisture within the product. 
One important consideration in analyzing a potential microwave heat-
ing application is the penetration depth. In analyzing the penetration, 
it is convenient to consider the effect of a plane wave radiated in one 
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direction only. If a plane wave is propagating through a lossy dielectric 
material there will be an attenuation of the field strength of the wave as 
it passes through the material. This attenuation is conventionally de-
scribed in terms of the attenuation factor, 0i3 and the voltage gradient, 
by 
E =: E e x o 
-Ox 
where E is the voltage gradient at a penetration depth x and E is the 
voltage gradient of the microwave field incident upon the material surface. 
The power absorbed from the microwave field by the lossy dielectric ma-
terial is proportional to the square of the voltage gradient (equation 3»l) 
Therefore, the relationship between the power absorbed at the surface and 
that absorbed at some inner volume is 




The attenuation factor,, a, can be related to the dielectric proper-
19 ties of the material and the frequency of the field. For dielectric 
materials the attenuation factor is 
a = 0.376 x 10"9 f jry J l + t an 2 o - 1 1 inches 
A convenient quantity to consider as a measure of the attenuation 
effect is the penetration depth. The penetration depth is the depth at 
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which the field strength (voltage gradient) has been attenuated to l/e of 
the incident strength. The penetration depth, D,will then be 
D = ^ - 2.66 x 10"9 — • — J- ^ inches.(3-6) 
a f FTTJil + tan2 8 - 1> nqr 
For many low loss materials such as textiles and paper the loss tangent is 
considerably less than one, i.e., 
tan 5 « l. 
A good approximation for the penetration depth then becomes 
D - 3-76 X 10"9 — = = i inches. (3.7) 
fj€/e tan 6 
Calculations for the penetration depth for specific materials at two of 
the common microwave frequencies are shown in Table 1. 
The power absorption from the microwave field varies as the square 
of the microwave field strength (voltage). The power absorption within a 
lossy material will attenuate with penetration twice as fast as does the 
voltage gradient. The depth of penetration at which the power absorption 
will be l/e, of that absorbed at the surface will be one-half the values 
presented in Table 1, as-Table 1 lists penetration depth with respect to 
field strength. 
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Table 1. Approximate Plane Wave Penetration Depth. 
Material Frequency Penetration 
(mc/s) (inches) 
Water (25°c) 915 9-7 
2^50 i.k 
Dry Cotton 915 307 
2^50 122 
Nylon 915 130 
2^50 7k 
Microwave GeneratingEquipment 
There are three types of equipment geometries that are commonly 
used to establish an electromagnetic field at microwave frequencies. 
These three can be designated as the parallel plate type, the nonresonant 
cavity type, and the waveguide type. The heating chamber geometry and 
the microwave generating equipment design are different for each type. 
The equipment used for low frequency heating resembles an ordi-
nary electrical capacitor. A microwave generator is connected across two 
parallel capacitor plates and the product to be heated is placed between 
the two plates. An electromagnetic field is established between the two 
plates and energy from the field is absorbed by the product. 
c*Pac i tor Microwave 
plates \ f " I / g e n e r a t o r 
v//////\ 
Product 
Figure 5. Capacitor Type Electromagnetic Heating Device 
A requirement for this geometry to work is that the wave length of the 
alternating voltage placed across the capacitor plates be long compared 
to the size of the plates and the distance between them. For most prod-
ucts, a plate spacing of several inches is required. This limits the use 
31 
of this geometry to frequencies of the order of one hundred megacycles 
per second or less. (The wave length of a one megacycle per second wave 
is yQk feet; a one hundred megacycle per second wave is ^S.k feet.) 
There are several disadvantages to this type of equipment geometry. 
One disadvantage is that, in order to get good power absorption at these 
low microwave frequencies,, it is necessary that the voltage placed across 
the plates be large. This leads to arcing problems between the plates or 
between the plates and the side walls of the heating chamber and also 
within the product. Another disadvantage of this equipment is the low 
efficiencies of microwave generators at these frequencies. The generat-
ing equipment is generally of the type used by radio stations and has a 
line power to microwave power conversion efficiency in the neighborhood 
of fifty percent^ when used for industrial heating applications. One of 
the problems of designing this type of equipment to operate at peak effi-
ciency is that the parallel plates and the drying product itself are part 
of the tuned resonant circuit which is used for generating the microwaves. 
Whereas r.adio stations operate into a constant load (antenna)., a constant 
loading is not possible in the case of drying products since the load 
changes with drying. The reason for the change in the electrical proper-
ties of the load is that the dielectric constant of the drying material 
changes as water is removed. 
The capacitor-type geometry has been used extensively in the past 
because not until the last few years could high power microwave generators 
be built for frequencies above one nundred megacycles per second. This 
capacitor-type geometry is used for the drying of glue in the manufacture 
of plywood and laminated furniture. This geometry is particularly suited 
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for this application because the capacitor plates may be used to hold or 
shape the wood material as the glue is heated by the electromagnetic field., 
This type of geometry is also used for the drying of "cakes" of rayon yarn 
and has been used in the setting of nylon tire cord. A good reference on 
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this type of dielectric heating is a book by Cable. 
In recent years, much effort has been spent developing high fre-
quency generating equipment at frequencies higher than were attainable 
with the radio frequency type generating system. The incentive for this 
development has been from the radar and telemetry fields which require 
such equipment. Because of this concentrated development effort, equip-
ment is anticipated or has now been developed that will produce energy at 
the high microwave frequencies (500 to 20,000 mc/s) at high power levels 
and with efficiencies above those common with the radio frequency equip-
ment . 
In general the equipment used for the generation of microwaves at 
the higher frequencies consists of a DC power supply, a microwave generat-
ing tube, and a chamber for applying the microwaves to the product <, The 
DC power supply is required to operate the microwave generating tube. The 
power supply design is straightforward; its stability, ripple, etc. spec-
ified by the type of microwave generating tube it supplies. There are 
several types of microwave generating devices, such as a magnetron, 
klystron, amplitron, and resnatron. The name of the device specifies its 
principle of operation. From a user's standpoint, they all produce con-
tinuous electromagnetic energy at microwave frequencies. Microwave gen-
erating tubes are now available which operate continuously at power levels 
above 4̂-00 KW. The microwave generating tube constitutes the major expense 
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of microwave heating equipment. 
The heating chamber geometry at these higher frequencies must be 
different from the capacitor-type design used at lower frequencies be-
cause the wavelength at these higher frequencies is too short to allow 
practical plate size or spacing. One geometry commonly used is to build 
an enclosed metal box with dimensions such that the dimension in the 
direction of propagation is larger than a half wavelength. (The wave-
length at 900 mc/s is 13 inches; at 3; 000 mc/s is k inches.) The 
microwave energy is then beamed into the box by an antenna inserted 





Figure 6. Microwave Oven Cavity 
3̂  
will not penetrate or be absorbed by the walls but will be reflected. If 
the box dimensions are such that the reflections are out of phase with the 
incident waves, a jumbled electromagnetic field with minimum standing waves 
is obtained. To aid in randomizing the waves within the box., a stirrer is 
sometimes used. This consists of a metal blade similar to a fan blade 
which is slowly rotated within the box giving random reflections of the 
microwaves from the blade faces. Another randomizing technique is to vi-
brate one wall of the box. Because the field is jumbled in the sense that 
there are no standing waves; the average electric field distribution through-
out the oven over an interval of time will be nearly uniform. (it would 
not be uniform if there were standing waves, as the electric field would 
go from a maximum to a minimum between node and antinode of the wave.) At 
any point within the box, the components of all the reflections add to 
produce an electromagnetic field that will be converted to thermal energy 
by a lossy dielectric present at the point. 
The walls of the box may be made partially from porous metal such 
as metal screen or grid sheeting„ The loss of microwaves through the holes 
in the screen will be very slight and can be neglected if the hole size is 
small compared with the wave length of the waves. The use of such a porous 
wall has the advantage of allowing scavenging air to be circulated through 
the oven cavity to blow out the moisture from the drying product. 
One advantage of the box geometry is that it allows the heating of 
large products. Within reason, the box can be made as large as the prod-
uct requires. If the field in the box is not uniform enough, the heating 
may still be made uniform by moving the product about within the field 
during the heating cycle. 
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The box-type geometry is presently used by restaurants and auto-
25 
matic food dispensing machines to quickly heat and cook foods. General 
Electric expects to market an oven for household use equipped with a micro-
f sub-
25,26 
33 wave unit. This type of geometry has been used to add the heat o
limation during the freeze-drying of meats and other food products. 
A disadvantage of the box-type geometry is the difficulty in estab-
lishing a uniform microwave field. A third geometry suitable for indus-
trial microwave heating is to beam the microwaves through a wave guide 
and pass the product through the center of the wave guide. A detailed 
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discussion of the wave propagation in a wave guide is given by von Hippie. 
Some properties of wave guides will be reviewed here. 
A wave guide is a metal conduit of specific dimensions through 
which microwaves will propagate without appreciable loss of attenuation., 
The dimensions of a wave guide are specified by the frequency of the wave 
it is desired to propagate. Typical dimensions for a rectangular wave 
guide for a 915 mc/s wave would be 7°9 inches by 4.1 inches in cross sec-
tion. For a 2̂1-50 mc/s wave, typical dimensions would be k.k- inches by 2.3 
inches in cross section. The electric field distribution along the length 
direction of the wave guide will be uniform if there is no attenuation or 
back reflection within the wave guide. The electric field distribution 
across a cross section is similar to that shown in Figure 7; having a 
maximum at the center and declining to zero at the sides. If the product 
is placed in the middle of the wave guide_. it will be at a point of maxi-
mum field intensity. A long slot can be cut in each side of the wave 
guide without appreciably affecting the electrical characteristics of the 
guide and the internal field. A thin product such as sheet fabric or 
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paper may be passed through these slots. The product will be passing 
through the guide at a position of maximum electric field intensity and 
will absorb energy from the electromagnetic field. Because wave guides 
can be constructed to turn l80° corners, it is possible to design the 
guide such that the product makes several passes through the same guide 
Half sin wave 
Figure 7« Electric Field Distribution Across the Cross Section 
of a Rectangular Wave Guide 
by doubling back the guide several times. Other investigators have 
indicated that a maximum slot width of 3/̂ - inch can be tolerated at 
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2^50 mc/s and a maximum slot width of 3-1/2 inches tolerated at 915 mc/s. 
A schematic diagram of a slotted wave guide heater is shown in Figure 8. 
No matter what type of geometry is used to establish a microwave 
field, parallel plates, nonresonant cavity, or wave guide, it is impos-
sible to continuously generate microwave energy within the confines of a 
chamber without providing some means whereby the energy can dissipate. 
Some means of matching the load with the output of the generator must be 
included in the design of the apparatus, This creates a sizeable design 
problem if the product load is nonuniform. In the case of a radiant 
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thermal oven, should the heating element put more energy into the oven than 
the product could absorb, the excess energy is dissipated by heating the 
oven walls and radiating to the surroundings. Negligible microwave energy 
is absorbed by the metal walls of the wave guide or oven and from a safety 
and efficiency standpoint the equipment is designed so that energy leakage 
is negligible. If an attempt is made to generate more microwave energy 
than can be dissipated within the enclosure, the electrical potential 
gradient established by the generating tube will increase in an attempt 
to increase the power absorption of the load, as demonstrated by equation 
3.1. This increase may continue until there is a breakdown or arcing 
within the chamber. Also, if there are reflections of standing waves back 
to the generating tube, the magnitude of these reflections will increase 
with increasing voltage gradient, increasing the possibility of tube 
damage from reflections. One alternative in the design of equipment to 
heat fluctuating loads is to provide the generator with a dummy load which 
will absorb energy when the regular load is not present. In the case of 
the wave guide geometry, this can be accomplished by placing a suitably 
designed water or ceramic load at the end of the guide which will absorb 
the microwave energy that has not been absorbed by the drying sample. In 
the case of the nonresonant cavity or box geometry, a similar dummy load 
may be inserted into the oven cavity. It is possible to control the out-
put of some microwave generating tubes and this allows the construction 
of a feedback system which will match the tube output to the product load 
minimizing the energy absorbed by the dummy load. 
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Economic Considerations of Microwave Heating 
The principal drawback preventing the widespread use of electro-
magnetic heating is economic. In general; it costs more to use electro-
magnetic heating than to use conventional heating. There are two reasons 
for the high cost; equipment cost and fuel cost. As a general rule, micro-
wave energy generating equipment costs $1, COO per kilowatt of microwave 
energy output. In addition, the life of microwave generating equipment is 
limited. A typical microwave tube life guarantee would be 10, 000 hours, 
which is k±6 twenty-four-hour days. (The generating tube is about one-third 
of the total equipment cost.) As the market for microwave equipment grows, 
these prices will fall and, as the technology in the field expands, the 
equipment life will be extended. At present, most microwave generating 
tubes for high power level operation are manufactured on a single unit 
basis. It is this writer's opinion that the cost of many microwave gener-
ating units may decrease by as much as 50 percent in the next ten years as 
the production volume and the manufacturers1 competition increases., 
The second reason microwave heating is expensive is that the basic 
fuel for such equipment is electricity while conventional heating allows 
the use of cheaper fuels such as gas or coal. A good conversion effi-
ciency from 60 cycle line power to heat within the product of present day 
microwave equipment is 70 percent0 The attainable efficiency will improve 
as the technology in the field expands, but this writer does not expect 
large improvements in the near future. Typical operation costs exclud-
ing the capital cost of the equipment but including depreciation, peri-
odic maintenance, and fuel costs are 6 to 8 cents per kwh output of micro-
wave energy. 
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Because of these economic restrictions, microwave heating for dry-
ing processes will not replace conventional heating except in situations 
where the advantage of faster heating rates justifies the higher cost of 
microwave heating. Even then, many of the applications of microwave heat-
ing will be in combination with conventional hot air heating rather than 
replacing conventional heating. When conventional heating is used., as 
the moisture content of a product decreases; it becomes more and more diffi-
cult to remove the remaining moisture. There are circumstances where it 
is feasible to use microwave heating for the last stages of drying after 
much of the moisture has been removed by conventional drying. A possible 
instance of this is at the dry end of a paper machine or at the dry end 
of a process of drying a hygroscopic textile. Other applications exist 
where the savings in drying time justify the extra heating costs through 
the reduction of product handling and storage equipment. There are also 
applications where the energy requirement is so low that the increased 
fuel cost is not a factor. Typical of this situation is the use of micro-
waves for food preparation in the home or in restaurants. A similar 
application might be for the drying of clothes in a household dryer. 
It is this writer's opinion that many feasible applications of 
microwave heating for the purpose of drying exist throughout the textile 
and paper industries. Although microwave generators have been built for 
many years, it has not been until the last year or so that high power, 
high efficiency microwave equipment could be purchased commercially. It 
is expected that within the next five years, as the technology of micro-
wave heating develops and the newness of the area wears off, many applica-
tions will be realized and microwave heating will become commonplace. 
kl 
Microwave Hazards 
Microwave energy of the form discussed here as a heating mechanism 
is used also for communications and similar uses. To prevent interference 
the Federal Communications Commission has set aside certain frequencies 
which may "be used for industrial, scientific, and medical (ISM) uses. 
These frequencies are shown in Table 2, Equipment operating at these 
Table 2. ISM Frequencies 
13,560 ± 6.78 kc/s 
27,120 + 160.0 kc/s 
ko,680 + 20.0 kc/s 
915 + 25.0 mc/s 
2,^50 + 50.0 mc/s 
5,800 + 75-0 mc/s 
22,125 ± 125.0 mc/s 
frequencies does not require an FCC licensed operator. However, the equip-
ment must be certified to operate with the tolerance of these frequency 
bands and also with a maximum leakage below the established safe level. 
The danger of commercial heating equipment interfering with communications 
equipment is emphasized by the realiza^ion that commercial heating equip-
ment may require a power output of several hundred kilowatts and the size 
k2 
of some commercial radio stations is less than one kilowatt. 
Microwave radiation? like nuclear radiation, is usually not sensed 
by a person being irradiated until damage to his body has already occurred. 
This means that strict precautions must be taken to prevent the possibil-
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ity of microwave exposure. The U. S. Air force uses 10 milliwatts per 
square centimeter as the maximum safe energy field intensity over the 
entire body. Additional special care should be taken to prevent exposure of 
the eyes or testes. Mumford summarizes the area of microwave hazards. 
It is not difficult to properly shield a microwave heating unit 
such that the hazard to operating personnel and communications is negli-
gible; such shielding;, of course, adds to the expense of the heating unit. 
Openings such as doors in microwave heating chambers must be designed so 
that a microwave seal is insured when the door is closed. Safety devices 
must be included in the design so that it is impossible for an operator 
to accidently open the door while the oven is on. Further shielding of 
the microwave unit may be constructed by surrounding the unit with a metal 
screen. As long as the holes in the screen are small in comparison with the 
wavelength of the microwaves, the leakage through the screen will be 
negligible. This writer has used l/k X l/k inch hardware cloth for shield-
ing at 915 mc/s and 2*4-50 mc/s. 
Microwave Generating Equipment Manufacturers 
There are several companies which build microwave generating equip-
ment suitable for industrial heating. Some of them are Litton Industries, 
Raytheon Company, General Electric, Phillips Company, Deutsche Electronik, 
and Amperex. A good reference on microwave generating equipment manu-
facturers is The Microwave Engineers' Handbook and Buyers Guide published 
3̂ 
annually by Horizon House-Microwave, Inc. and distributed to subscribers 
of The Microwave Journal. 
It is not possible to divorce the microwave generating equipment 
design from the design of the heating chamber. For this reason, most of 
the work in applications of microwave equipment to Industrial processes 
has been done by the generating equipment manufacturers= 
Because of the newness of the field and the exclusiveness of the 
microwave generating companies, much of the work that has been done towards 
applications of microwave heating has been done on a company confidential 
arrangement between the generating equipment manufacturer and the user. 
Although all manufacturers work differently, depending upon the circum-
stances, a typical arrangement in the past has been for a large company 
desiring to use microwave heating to gc to the equipment manufacturer and 
ask him to develop equipment for the user's particular application. The 
user then pays for the direct development costs of the equipment. The 
equipment manufacturer agrees that, for a certain number of years, the 
company will not reveal the development to competitors of the user; but, 
at the end of this agreed upon "exclusive" time, the equipment manufac-
turer has the right to market the technology developed» This writer 
expects that within the next five years competition among equipment manu-
facturers and the fact that many of,the exclusive contracts will have 
expired will make microwave equipment available to all users. 
Today it is possible to purchase directly from most equipment manu-
facturers microwave generating tubes and power supplies with the intent of 
designing the heating chamber oneself. Some difficulty is encountered in 
arranging a guarantee on the life of the generating equipment since its 




Development of the Transport Equations 
Consider the situation of a capillary-porous body such as a thick 
spool (cheese) of textile yarn being heated and dried in an electromag-
netic field. The drying body can be divided into four convenient com-
ponents, fibrous material, moisture in vapor form, moisture in liquid 
form, and an inert gas (air). A model showing these components is given 
in Figure 9. 
X 
Figure 9» Analytical Model 
U5 
As the "body dries there is no movement of dry fibers but there 
is a mass flux of moisture and air. There is an energy flux inside the 
sample due to conduction and convection and also internal energy gene-
ration due to energy absorption from the electromagnetic field. The 
equations describing the heat and mass transports will be developed in 
the following paragraphs. 
Consider first the equations describing the mass transfer. Within 
the drying sample consider a control volume as shown in Figure 10. De-
note the unit normal to the surface of the control volume by the sub-
script n. 
Control Surface 
Figure 10. Control Volume 
The integral equations stating the continuity of mass of each com-
ponent of matter within the control volume can be written as follows 
kG 
Time rate of change] 


















p is the density of the k component 
K. 
,) n is the mass flux of the k ' component through the control umk _ ° 
surface. It is a space vector, 
W is the strength of a source (or sink) of mass of the k 
component. In the case of a source it is rate of change 
per unit time of the r " component into the k̂  component. 
V is the volume of the control volume 
S is the surface area of the control volume 
T is time 
Applying Gauss' divergence theorem to equation k.l allows the trans-
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formation of the surface integral to a volume integral. 




Using this result, equation k.l becomes 
V 
^ k 
— dv + v . j m k - >: w k r 
dV = 0 
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Since an arbitrary control volume was considered; the integrand of the 
volume integral must be zero for the integral to be zero; indicating 
P̂ 
^ = - v . J 1 + z w . . (4.2) 
dT mk kr r 
It is convenient to consider mass concentrations in terms of spe-
cific concentration rather than density. Therefore; define the specific 
th 
concentration of the k component as 
p k 
\ = r - ( M ) po 
th 
The specific concentration is the ratio of the amount of the k component 
to the amount of dry product present at any point. The total specific con-
centration; U; can be defined as 
3 
u = 2 u, (4.4) 
k 
k=i 
where the subscripts 1; 2., and 3 represent vapor; liquid; and air respec-
tively. 
The differential equation for mass transfer; 4.2; can be rewritten 
in terms of the specific concentration. 
d(pn
uJ 
°JL_= - V.T + i; w. (4.5) 
OT mk kr 
r 
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Because of the law of conservation of mass., the following equalities must 
hold between sources and sinks. 
Wn + W = 0 (4.6) 
kr rk v 
lZ \r = ° ^ 
k r 
For the drying situation under consideration there is no source of component 
three (air). The source of vapor and sink of liquid are related according 
to equation 4.6. 
W12 = - W21 (4.8) 
Taking into account the above considerations, the differential equation for 
mass transfer, 4.5; may be written for eac:i component: 
*1%B»L - v.Jm + wia (4.9) 
M£oH2)= „ v.j _ Wi2 {ktl0) 
"5 T KL2 
MPoHsi= _ v j . (4.11) 
cH ms 
Equations 4.9, 4.10, and 4.11 may be added yielding 
h9 
d[po(ui + u2 + ua)] _ 
- v ' ( J m l
 + j m 2
 + 3*3 > (̂ •12) 
It is reasonable to assume that the mass flux of air is small in comparison 
to the mass flux of moisture, i.e., 
J + J » 3 
mi m2 m3 
(̂ •13) 
Making this assumption allows us to write the differential equation for 
mass transfer in terms of the mass fluxes as follows: 
WO 
cH 
- V»(j + j ) x mi m2 (4.H0 
The equation for the conservation of energy can be developed follow-
ing a procedure similar to that used in developing the above mass transfer 
equation. Consider a control volume as described by Figure 9« The integral 
equations relating the conservation of energy within the volume to that 








> - < 
Rate of I Rate of 
energy ) + \energy 
out generation 
In terms of mathematical symbols, this equation is 
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^ dV - - d (J ) dS + / q dV (̂ .15) 
V 3 T Jg e'n Jv ̂ s 
where 
E is the concentration of energy inside the control volume per 
unit volume 
j is the flux of energy through the control surface 
q is the energy generated inside the control volume per 
unit volume 
S is the surface area of the control volume 
V is the volume of the control volume. 
Applying Gauss' divergence theorem relating volume and area integrals to 
equation ^.15 yields 
3E 
For constant pressure processes, the energy may he approximated by the 
enthalpy; other contributors to the energy such as changes in elevation 
and kinetic energy are considered small. The differential equation for 
energy transfer,, k.±6} can be written 
bE 
^ - y . I h , - q s (*.i7) 
where 
H is the volumetric concentration of enthalpy 
T is the enthalpy flux. 
When the substance within the control volume consists of several components 
(i.e.; dry product, vapor, liquid, water, and air), the enthalpy of the com-
51 
bination is equal to the sum of the enthalpy of the separate constituents, 
i.e., 
Hy = p0h0 + pi&i + pahg + p3h3 (4.18) 
= po^o + Z Pk\ . 
k-i 
Expressing this in terms of specific concentration rather than density 
gives 
Hv = Poho + 2 Po\hk . (4.19) 
k=i 
The enthalpy flux, J, , can be divided into two terms. It is possible for 
energy to cross the control surface by two different means. It can be 
conducted through the surface and can be convected through the surface by 
the mass flow of the different components. Therefore, the enthalpy flux 
can be written as 
: \ + k ^ V m k (4.20) 
where 
j is the flux of energy by heat conduction 
_ tl 
i 1 is the mass flux of the k " component. 
umk * 
The partial differential equation for energy transfer, 4.17, can be re-
written using the definitions of equation 4»19 and 4o20, giving 
^(Poho + } P o V k ) = - *<\
 + } V m k) + % • (4.21) 
k=i k=i 
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Expanding the derivative terms of this equation yields 
^(poho) + 2 u^ — 3 _ - + 2 p0hk ̂ - (4.22) 
k=i k—i 
3 _ 3 
q k umk n mk k s ^ k=i k=i 
It is convenient to express the energy equation in terms of temperature 
rather than enthalpy. Define, therefore, the specific heat for each com-
ponent 
dh, 
k = 1, 2, 3 (4.23 
k dt 
dh0 
c = . (4.241 
For moderate temperature changes the specific heat may be considered con-
stant. The assumption may also be made that, at any point within the prod-
uct, all components present at that point are in temperature equilibrium. 
That is to say 
to = tx =. t2 = t3 = t. (4.25) 
These assumptions allow the energy equation to be rewritten in terms of 
the temperature 
d t 3 3 d u ^ 
v - (poCo + ^ P o c k u k ' + L p ° h k 7w~ ( 4 . 2 6 ) 
k = i k = i 
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= - V-j - L h V.J . - Z J n c. V t + q q k umk 1
 umk k ŝ 
^ k=i k=i 
It is convenient to combine several terms by making use of the equation for 
mass transfer of the k component,, equation if.5. If equation 4. 5 is mul-
tiplied by h , the following is obtained: 
K' 
d(p0
uk> = - h V.T + £ h W . (4.27) 
h. — c k m.k k kr 
k d? r 
Summing each term of this equation with respect to k yields 
3 d(p u ) 3 33 
Z h ° K = - Z h V-J. + Z Z h W . (4.28) 
k=i k ^ k = i k m k k = i P = i
 k te 
Combining this equation with equation 4.26 yields 
57 (p°c° + ^ P°ckuk) = - * • \ - } 3mkck v t - 1 I hk Wfcr + v 
k=i k==i k=i k=i 
(4.29) 
The third term on the right side of the above equation may be expanded as 
follows using equation 4.8: 
3 3 
Z Z h W, = hiWis + beWsi (4.30) k kr* 
k=i r=i 
= (hi - h2) W12 
= L W12 
5̂  
where L represents the latent heat of vaporization of water. 
Using equation 4*30; the differential equation for energy transfer may be 
written as, 
(poC0 + 2 p0ckuk) ~= - V«T - Z 3" c V t - L W12 + q . (4.31) 
k=i q k=i 
This represents the energy equation written in terms of the energy and 
mass fluxes. 
In addition to the energy equation and mass transfer equation; a 
third equation may be developed which also describes the physical condi-
tions inside the sample. This equation describes the pressure variation 
throughout the sample. When a sample is heated using electromagnetic 
heating, portions of the sample may approach 212°F° When this occurs, 
the transition from liquid to vapor is so rapid that the vapor can not 
escape from within the sample as rapidly as it is produced. The sample 
may become pressurized internally. When a pressure gradient exists within 
the sample, there may be a mass flux of both liquid and vapor due to this 
pressure gradient. 
The effect of this internal pressurization may be examined by 
writing a mass balance for the compressible components, i.e., air and vapor. 
The rate of change in the concentration of the air and vapor will be pro-
portional to the gradient of their mass flux plus the contribution due to 
generation of the component. There will be no generation of air but there 
will be generation of vapor. Writing such a mass balance for the vapor and 
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air gives 
Po 5 ( l V U s )= - V.(T, + L J + W15 (̂ -32 mi m3 
Define a vapor concentration factor, c , which relates the total 
f 
pressure to changes in the concentration of compressible components: 
c = l 3.(pi + p3) ^(ux + u3) (4.33) 
f Po dp c3p 
where p represents the total pressure. In order to investigate the signi-
ficance of the vapor concentration factor so defined; it is necessary to 
examine the equation of state for the compressible components within the 
body. The densities; p±
 an^- P3-> a r e no^ directly suitable for comparison 
with the equation of state. These densities represent the amount of com-
pressible component present per total unit volume, However; these com-
ponents do not fill the entire volume; as some of the volume is taken up 
by the other components present within the sample (dry fibers and liquid 
water). The available volume for these compressible components is depend-
ent • upon porosity of the material; IT; and the pore filling factor b. The 
porosity represents the ratio of the volume of pores to the volume of the 
bulk sample„ A portion of the pores will be filled with liquid water; 
however. The pore filling factor represents the fraction of the pores 
available to be filled with vapor or air. The volume available for vapor 




Therefore, the densities based upon total volume and those based on avail-
able volume are related 
m i + m 3 m-, + rriQ ^ , / \ _ , 
Pl + P3 = tT^ = t—f E b = (p l + ^ a v a i l . H * 
t o t a l ava i l . 
The density defined with respect to the available volume is the appropriate 
one for the equation of state. Assuming that humid air is governed by the 
perfect gas equation of state, then 
^ + e * W i . = It ^-35) 
where 
R is the gas constant for the vapor and air mixture 
p is the absolute pressure of the vapor and air 
t is the absolute temperature of vapor and air = 
Using the relationships previously developed gives 
Pi + P 3= (PI + P3) -n n ^
2 ^ - (M6) 
M K J v^x K J avail,. Rt v J 
The vapor concentration factor is then seen to be 
.L d(pi + QaJ =
 n \ 
f po dp ' pQRt 
c „ = (̂ •3T) 
Making use of the vapor concentration factor as defined in equation ̂ -.33; 
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the mass balance equation, k.^2 can be wri t ten as follows 
S(c fp) 
This equation describes the pressure distribution within the drying body. 
For convenience the mass transfer, heat transfer, and pressure 
equations are rewritten here. The mass transfer equations are 
M§o}ii = - V- I T (^.38) 
di n ^mk
 v ' 
k = i 
^ ( p 0 u k ) 3 
- 5 T - = " V - J m k + S Wkr k = ^ 2> 3- ^ - 3 9 ) 
r=i 
The energy equation is 
3 ^t „ q 
(poCo + * Pockuk) §-= - V-i - Z jmkck \7 t - L W12 + qs. (^0) 
k= i k=i 
The pressure equation is 
dc _.p 
Po —=r^-= V-(j + \j ) + W12 • 0*^1) 
MU dT mi ms 
Thermodynamic Driving Force 
According to the theory of irreversible thermodynamics, the velocity, 
v, at which a system approaches equilibrium is proportional to the thermo-
dynamic driving force X, which can be expressed in terms of a potential 
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gradient. This linear law is a generalization established for a system 
whose state approaches equilibrium. Consequently, the linear law is an 
experimental law and does not have a strict theoretical basis. It may, 
however, be derived from the statistical theory of fluctuations if the 
ko 
state of the system is close to equilibrium. 
In accordance with this linear law the flux is proportional to the 
thermodynamic driving force. The driving force for the transfer of energy 
by heat conduction is the temperature gradient. The relationship express-
ing the energy conduction is then 
T = - kt V t (4.42) 
where k is designated as the thermal conductivity of the material. This 
X-
kl 
expression is commonly designated as Biot's law of heat conduction. 
The transfer of moisture is proportional to the diffusion driving 
force (the gradient of the potential of moisture transfer, 0), the thermal 
driving force (the temperature gradient), and the pressure driving force 
(the gradient of the pressure). The mass flux of each component of mois-
ture can thus be expressed 
J = - X v A - V V t - V " V p k = 1, 2, 3 (4=43) 
dmk k k k k * ' ? v ' 
where 
0 is the diffusion transfer potential of the bound matter in 
phase k 
X is the ordinary diffusion coefficient of bound matter 
K 
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K'" is the thermal diffusion coefficient of bound matter .k 
\'' is the coefficient of the molar or filtration transfer of mass, 
k 
In addition to these stated driving forces, there is the possibility of 
other effects such as external body forces, pressure effects on molecular 
diffusion, and others, but these effects are small for the problem under 
consideration and will not be considered. 
^0 
A. V. Luikov suggested that the moisture content, u, of a body is 
not the potential of moisture transfer. One of the main properties of a 
transfer potential is that the potentials of contacting bodies in equilib-
rium will be equal , The moisture content does not satisfy this property. 
Luikov points out, for example, that moist peat with a moisture content of 
210 percent will exist in equilibrium, with paper containing a moisture con-
tent of 50 percent. Consequently, at the boundary of contact there exists 
a discontinuity in the moisture content. Luikov suggests the introduction 
of the moisture transfer potential, 6. The moisture transfer potential is 
related to the moisture content in much the same way as enthalpy is re-
lated to the temperature. Continuing this analogy prescribes the introduc-
tion of the specific mass capacity, c , defined in a manner similar to the 
specific heat of a body. 
c
m^ <Sr>t < ^ > 
k 
Over some range of moisture content c may be assumed constant allowing a 
° m 
linear relationship between mass transfer potential and the moisture con-
tent, that is, 
6o 
\ = A k + c m k e k ^ ) 
where A, is a constant for given material properties and c~ is the average 
specific mass capacity. The equation for the mass flux may be written in 
terms of the moisture content rather than in terms of the mass transfer 
potential by using the above; that is, 
X 
J\ = - =£- v u - \/ v t •- x ' ' v p. (k.K6) 
mk c n r k k
 N ' 
mk 
It is worthwhile to examine the significance of the mass diffusion 
coefficients. The flux of moisture through a solid body due to concen-
12 
tration variations is commonly described by Fick's law which describes 
the proportionality between the mass flux and the volumetric concentration 
gradient. Fick's law is 
4 - - \ v pk (^7) 
where ,i ? is the mass flux due to the concentration gradient and Dn is umk k 
th 
designated as the diffusion coefficient for the k component. In terms 
of the moisture content, Fick's law is then 
4 = - \ p ° v \ ( ^ 
Comparing this equation with the first term of equation k.k-6 indicates that 
the coefficient of the first term of equation k.k-6 is 
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\ 
f - ^ \ P o . (^9) 
^mk 
The mass diffusion due to the temperature gradient is generally 
k2 
designated as the Soret effect and denoted by the Soret coefficient, 
5. Mass transport due to this effect can then be expressed as 
4 = - D k p o 6 k
V t - (*.50) 
Comparing this with the second term of equation k-,h6 indicates that 
K 3 D * & k V ^
5 1 > 
Because of the internal pressurization of the drying sample due to 
rapid internal vaporization, a total pressure gradient may exist within the 
body. The flow of a liquid or a gas through a porous material due to a 
pressure gradient is often designated as filtration and described by 
13 
Darcy's law which is 
4=-J;** (4-52) 
where K is the permeability of the material and \i is the viscosity of 
the migrating fluid. Comparing Darcy's law with the last term of equa-
tion k.k-6 indicates that 
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X - ^ (4.53) 
K ^k 
The equation 4.46 expressing the mass flux may be rewritten making 
use of the more familiar expressions for the flux coefficients, 
'mk= " \ P° V \ ' \ P° Bk V t - jT V P • ( ^ 
^k 
Microwave Energy Absorption 
The energy absorption from the electromagnetic field, q , is in 
general a function of a number of variables as indicated in Chapter III. 
The equation describing the power absorption per unit volume by a dielec-
tric material was presented in Chapter III and is repeated here* 
P = n e " f E 2 watts/in3 (3-1) 
In order to analyze the energy absorption within the sample, it is neces-
sary to examine the variation of the terms in this equation throughout 
the drying material. 
Microwave generating equipment for commercial heating applications 
will generally be designed to operate at a fixed frequency. Therefore for 
each application, variations in frequency may generally be neglected. The 
voltage gradient of the microwave energy emitted from the generating equip-
ment will be a function of the load the absorbing material presents to the 
generating equipment. If the electrical properties of the microwave ab-
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sorber (load) do not vary appreciably during the heating process, the vol-
tage gradient of the microwave energy emitted from the generator will be 
relatively constant. At any point within the sample, however, the voltage 
gradient of the microwave field will be attenuated by the outer layers of 
the sample. If the microwave energy incident upon the sample is the form 
of a plane wave and the materials' dielectric properties do not vary in 
the direction of propagation, then the attenuation in the direction of 
propagation is described by the equations presented in Chapter III, i.e., 
P m P e-2Q(R-x) ( 3 # 5 ) 
X O 
where x is measured from the center of the sample out towards the edge, 
R is the value of x at the surface, P represents the power absorption at 
the surface and P the power absorption at a distance (R-x) below the sur-
face. The attenuation coefficient, a, is defined in terms of the dielectric 
properties in Chapter III. 
In actual practice the microwave energy incident upon the sample is 
not a simple plane wave but rather a multitude of random reflections 
striking the surface of the material from all directions. This makes the 
definition of microwave field strength at a point within the sample quite 
difficult. If the material is quite thick and has a high dielectric loss, 
there will undoubtedly be some attenuation of field with penetration and 
the inner portions of the material will receive less energy than the outer 
portions. Since the incident radiation is not necessarily a plane wave for 
which the attenuation equation 3«5 was derived, the attenuation coefficient 
6̂  
may require modification in order to agree with the physical situation. 
In order to consider this attenuation, the power absorption at any point 
within the material may be assumed to follow the general form 
P = p e~fia(R-x) 0-55) 
X 0 
where a is an attenuation coefficient defined from experimental considera-
tions. 
The task of finding an expression for the power absorption at any 
point within the sample is further complicated because the dielectric prop-
erties of the drying material vary considerably both with time and with 
position throughout the sample. The power absorption is a direct function 
of the loss factor of the material. The loss factor of the material will 
in general be a function of the liquid moisture content and the temperature 
of the absorbing material. The relationship between the change in local 
liquid moisture content or temperature and the change in the local dielec-
tric constant will in general be quite complicated• As a first approxima-
tion, a linear relationship is proposed; 
P = P^ + a iu 2 + a2t (̂ °56) 
X. -A. 
n 
where P represents the power absorption at some nominal temperature and 
moisture,, say the initial conditions, and the coefficients ax and a2 de-
scribe the linearized effect of changes in these varying properties. 
As an approximation, the power absorption at a particular location 
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within the sample would be given by an expression combining the effects 
of attenuation and property variation. Such an expression would have the 
form 
q s P = [Pn + a-Lu2 + aPt] e"
2a(R~x) (4.57) 
•̂s x o 
Analysis of Equations 
The equations expressing the continuity of mass; energy, and pres-
sure may be rewritten using the expressions developed in the previous two 
sections for the thermodynamic driving forces and microwave power absorp-
tion. Substituting into equations k.3&> »̂39> k*kO} and k.kl, the expres-
sions for the energy and mass flux, equations k.k-2 and h.^h, and the equa-
tion for the microwave power absorption, equation he 57; yields for the mass 
continuity equations 
Po 37"= V- [ L Dk po V uk + Dk p0 6k V t + -£ V p] (k. 58) 
k=i ^k 
du K 2 
Po ^ = V-[Dk p0 V uk + Dk po 6k V t + — V p] + L W ^ (4.59) 
for the energy equation 
3 i t 2 
(poC0 + 2 Pockuk) II = V^kt V t + Z [(Dk po V uk (4.60) 
k=i k=i 
+ Dk p0 &k V t + — V p)ck V t] - L W12 
+ [p* + a iu 2 + a2t] e"
2a(R~x) 
and for the pressure equation 
dc_p K 
p0 - > — = V- [ Z D p 0 V u + D p0 B V t + — V p] + W12 . ( 4 . 6 l ) 
d T k=i>3 k * k ^ 1 3 
It is of interest to review the significance of the terms in these 
equations. The first term in equation k.'jQ is p0 ̂ — which represents 
the rate of change of the total concentrations of air, vapor, and liquid 
duv 
water. The first term of equation 4,59; Po •*— > represents the rate of 
th 
change of the concentration of the k component. The first term on the 
right hand side of each of these equations is V»D p0 V u . This repre-
th 
sents the flux of the k component due to concentration differences within 
the material, i.e., concentration diffusion. The second term, V*D p0 5, V t, 
th 
represents the flux of the k component due to the temperature gradient 
Kf 
within the material, i.e., thermal diffusion. The third term, V V p, 
^k 
th 
represents the flux of the k component due to a total pressure gradient 
within the material, i.e., filtration. The last term of equation ̂ °59; 
th 
£ W, , accounts for the accumulative effects of sources or sinks of the k 
r k:r 
component. This term is either W12 (for the vapor component) or -W12 (for 
the liquid component). 
Similarly for the energy equation, the left hand side is (po^o + 
3 £t 
Z Pocv\) -S- which represents the rate of change of the internal energy 
k = i °T 
of the material. The first term on the right hand side, V-k V t, repre-
sents energy flux by the process of heat conduction. The second term, 
Kf 
(Dn pn V u. + Dn po 5V V t + — V p)c V t, represents energy flux by the 




process of convection due to movement of the k component. The third 
term, L W12^ designates the internal energy absorption due to the latent 
heat of vaporization of the water. The last term, (P + axu2 + a2t) e"
2alJri"x^ 
describes the thermal energy generation by absorption from the microwave : 
field accounting for the change in the dielectric constant during heating 
and drying and for field attenuation with penetration. 
c>cfp 
For the pressure equation, the left hand side, p0 —^— } represents 
the rate of change of the total pressure within the sample„ The first group 
of terms on the right hand side is similar to the corresponding grouping in 
the mass continuity equation and represents the flow of the compressible 
components, air and vapor. The last term, W12, represents the vapor gene-
ration within the material. 
For convenience the assumptions and restrictions implied in deriving 
these equations are also compiled here. 
The flux of air is small in comparison with the flux of moisture. 
The contribution to the energy of each component by such effects as 
surface tension, magnetism, etc. may be neglected. 
The specific heat of each component is constant. 
Temperature equilibrium exists between all components at any point 
within the material. 
The flux of mass may be approximated as linearly proportional to the 
gradient of the concentration, temperature, and pressure. 
The microwave energy absorption can be approximated as proportional 
to the penetration depth, liquid moisture content, and temperature 
of the material. 
It is interesting to observe that the equations presented in this 
section reduce to those customarily used to represent flow situations 
other than drying. For instance, the continuity equation for one component 
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of a binary gas mixture where the total density of the mixture is fairly 
k2 
constant is presented by Bird as 
m 
A = vJ5 v PA + V—M~ V t - V-p,v + W (4.62) 
Or AB HA t A AB v ; 
where p is the density of component A, v is the bulk average velocity of 
JrL 
rp 
the mixture, and & ._ andf)._, are the concentration and thermal diffusion 
' AB AB 
coefficients for the gas mixture of A and B. The term, V«p v", is con-
sidered the bulk flow term. Using Darcy's law to represent this term indi-
cates that 
»F~\K= " J V p - (^63) 
A 
Substituting this into the equation presented by Bird gives 
dp A _ rp ! Kj 
ZT = V'DAB v PA * V * D A B \ v t + v* jf v P + WAB' ^6k) 
The mass continuity equation presented in this section as representing 
the drying situation may be reduced to a similar form by assuming only two 
components, air and vapor. Such an assumption and the notational substi-
tution 
Pi = PoUi 
yields the following reduction of equation 4.59 
|Hi = V-Dx V P l + Di 61 V t + — V p + W12 (4.65) 
at M-I 
Comparing this with the equation for mass continuity of a binary gas mix-
ture shows that except for a slightly different notational definition of 
the diffusion coefficients, the equations are the same, 
Similar comparisons may be made for the energy equation. The 
4l 42 
Fourier-Kirchhoff equation for heat transfer in a flowing liquid is ; 
pc ^±= v-k V t - c j V t . (4.66) 
K p OT t p m 
The energy equation for the drying situation (equation 4.6o) may be reduced 
to a similar form if only a liquid component is assumed present and heat 
generation and latent heat effects are assumed negligible ° 
P 2G 2 || = v«kt v t - c 2j m 2 v t, (4.6T 
The energy equation representing heat conduction in a solid body with in-
4l 
ternal heat generation may be obtained from the energy equation for the 
drying situation by assuming negligible energy contribution from the moiS' 
ture and air. Such a reduction yields 
PoC0 ||f= * ' \ V t + qs. (4.68; 
TO 
Boundary Conditions 
In order to consider a particular problem, boundary conditions 
must be defined. The partial differential equations presented in the 
last section describe the variation of the dependent variables, specific 
concentration, temperature and pressure, with respect to the independent 
variables of time and position. In order to discuss typical boundary 
conditions, it is convenient to consider a one-dimensional drying situa-
tion. Let the dimension, x, represent the distance from the center of 
the body towards the drying surface. Consider the case of one-dimensional 
flux of mass and energy, the flux being along the direction x. For the 
case of a semi-infinite slab, the distance x is measured from the center 
outward towards the surface (see Figure 11). For the case of a long cy-
Figure 11. One-dimensional Models 
linder, the dimension x represents the distance along a radius. If the 
drying material is spherical, x again represents radial distance. Denote 
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the magnitude of the distance from the center to the edge of the sample as 
R, i.e.; the magnitude of x at the drying surface is R. 
In order to solve the equations for this one-dimensional, model,, it 
is customary to specify as boundary conditions, relationships describing 
the specific concentration., temperature, and pressure at the surface and 
center of the drying sample (i.e., x= 0 and x= R). Relationships describ-
ing the heat and mass flux of the boundaries are also required. 
In general there are three classes of surface boundary conditions 
that may be used in specifying the heat and mass flux at the boundaries. 
These are designated as boundary conditions of the first, second, and third 
kind. Boundary conditions of the third kind specify the situation at the 
drying surface in terms of external, heat and mass transfer coefficients. 
Define then the external heat transfer coefficient h... and the external mass 
transfer coefficient h such that the flux of heat from the surface into 
m 
the surrounding atmosphere is given by 
ht(t(R,T) - t j . (if.69) 
The flux of water vapor from the surface into the surrounding atmosphere 
is given by 
h (0(R, T) - 6 ) (4.70) 
where 
t(R, T) is the surface temperature of the body 
t is the temperature of the surrounding atmosphere 
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0(R,T) is the vapor diffusion potential of the "body at its surface 
6 > is the vapor diffusion potential of the surrounding atmo-
sphere. 
In order to obtain the boundary conditions of the third kind, it is 
convenient to write a temperature, pressure, and mass balance for a small 
control volume at the surface of the body. Consider first the surface mass 
balance. There is a flux of liquid and vapor from inside the body to the 
surface, described by the relationship below. 
du (R,T) dt(R,T) K 5p 
- Dv po —^r D. 6, ~ s — -r k = 1, 2 (̂ -71) 
k ^u dx k k ax it. ox 
k 
It is realistic to assume that all liquid moisture arriving at the surface 
is vaporized before it diffuses into the surrounding atmosphere. Therefore, 
there is no liquid moisture flow from the surface. The flux of vapor from 
the surface will depend upon the difference in the moisture diffusion po-
tentials between the surface and the surrounding atmosphere. The moisture 
flux from the surface is then 
hm(0(R,T) - 0 j . (4.72) 
Recall from a previous section that the mass diffusion potential is defined 
in terms of the moisture content by 
u = A. + c" 6 . (h.k^) 
k k mk k 
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The vapor concentration at the surface has contributors from both the 
liquid and vapor flow to the surface, as at the surface the liquid be-
comes vapor. The moisture concentration at the surface, u , is 
u 
m = [ ^ ( R J T ) + U 2 ( R , T ) ] = c 6 I ( R , T ) . (4.73) 
Using these expressions, a mass balance may be written at the surface of 
the drying body. 
bu (R; x) dt(R, T ) K dp(R,ir) 
' \ Po — 5 7 — " \ Po \ -^— - ~ -~^T (̂  ^ 
k=i, 2 I k 
= h (9(R,T) - e ), 
m ooy 
This equation provides one surface boundary condition of the third kind. 
A boundary condition concerning the energy flux may be obtained by 
writing an energy balance at the surface of the drying body. Energy may 
be transported to the surface of the body from within the body by the pro-
cesses of convection and conduction. The energy transport to the surface 
by these mechanisms can be expressed by the following mathematical expres-
sions. 
The energy flowing to the surface by conduction is 
- \ - ^ ' 0-T5) 
7̂  





k po 5" + Dn p 
^t(R,x) K O^(R ;T) 
k o k dx — + 
_ 
u, ox k 
C t(R,T). 
£76) 
Energy is absorbed at the surface by the vaporization of the liquid water 
which diffuses to the surface (i.e., it is assumed that all moisture leaves 
the surface as vapor). The expression for this energy absorption is 
dua(R,T) dt(R, T)
 Kf dp(R,T) 
D 2 PO *Jt + D2 PO 02 ^W + — bx dx ^x (^•77) 
The energy transport from the surface to the surrounding atmosphere may be 
described by 
h,(t(R,T) - t ) . (̂ .78) 
The terms describing the energy flux to the surface may be summed and 
equated to the energy flux leaving the surface, giving the following bound-
ary condition: 
, dt(R,x) 
k, — ^ - Z t̂ ^ 
k=i; 2 
Kf 3P(R,T) 
LU d x 
D1 p k "o 
di%(R, T) 
- + K P„ 8i 
dt(R, T) 
ckt(R,T) 
'k Mo k cVx~ 
SU 2(R,T) 
D2 Po T 
(̂ 79) 
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dt(R, T) Kf Sp(R, T) 
+ D2 p0 62 — ^ — +• ^— 
^2 
L = h (t(RjT) - t ) 
m 00 
The two boundary conditions, 4.74 and .̂79i relate the fluxes of 
heat and mass transfer at the surface to the external heat and mass trans-
fer coefficients. Boundary conditions of this type are called boundary 
conditions of the third kind. 
Boundary conditions of the first kind are boundary conditions which 
represent constant heat and mass transfer potentials at the surface. The 
moisture potential at the surface and the temperature at the surface are 
assumed constant, giving the boundary conditions 
t(Rjx) = t0 = constant 
0(R, T) = 60 = constant. 
(4.80) 
(IK 81) 
In comparison with boundary conditions of the third kind, those of the 
first kind represent infinite h and h, . 
^ m t 
Boundary conditions of the second kind are used when the heat and 
mass transfer fluxes from the surface are known functions of time. Such 
boundary conditions are useful when the fluxes are known but they can not 
be described conveniently by equations. The boundary conditions of the 
second kind for the heat and mass transfer at the drying surfaces are 
Z 
k=i, 2 
D1 p k o 
clu^R, T) 







= q^T) (4.82) 
76 
and 
d t ( R , T ) 
k t~5 X 
Z 
k = i ; 2 
d u ? ( R , ? ) d t ( R ; T ) 
D. p o - \ + A P 5, <r 
k ^o dx k Ko k dx 
(4.83) 
Kf d p ( R ; T ) 
^ 5 x 
c k t ( R , T ) 
au2(R, T) a t (R ,T) 




L =  \ ^ 
where q( T) and q (T) are the fluxes of external mass and heat transfer 
known as functions of time. 
In addition to these boundary conditions on the heat and mass fluxes 
at the surface; other boundary conditions may be stated which are quite 
general and apply whether boundary conditions on the fluxes of the first; 
second; or third kind are used. 
The pressure on the surface of the drying body will be the same as 
that of the surrounding atmosphere; i.e.; 
P(R;T) = P (k.Qk) 
Assuming symmetry a b o u t t h e c e n t e r l i n e (x = 0) of t h e body; i t f o l l o w s 
t h a t 
dt(0,T)- J'Q 
d x • 
(4.85) 
d u ^ O j T 
Ik 
- 0 k = 1; 2; 3 
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dp(0, T) _ 
""S 0< 
Three other boundary conditions which are useful for some types of 
solutions may be obtained at the position x = 0 by stipulating that the 
dependent variables remain finite at this position. 
t ( o , T ) < - (4.86; 
u (0,T) < oo k = 1, 2, 3 
k P (0, T ) < oo 
In addition to these boundary conditions, initial conditions concerning 
the temperature, mass, and pressure profiles may be specified as 
t(x,0) = t*(x) (4.87) 
uk(x,0) = u*(x) k== 1, 2, 3 
p(x, 0) = p (x) 
where the starred terms represent known functions of position at time zero. 
These boundary conditions are sufficient to permit the solution of the mass, 
pressure, and energy equations. They are typical of boundary conditions 
that may exist for a physical problem but they are not unique and each phy-
sical situation must be individually analyzed. 
Reduction of Equations 
As is often true for mass transfer problems, these equations describ-
ing the physical situation when written in complete form can not be 
solved mathematically. The problem of finding a solution is particu-
larly difficult for the situation of a drying body as it is generally un-
realistic to assume constant properties.. The properties of the material 
vary considerably between the wet and dry states. Also, properties such 
as thermal conductivity, coefficients of mass diffusion, and permeability 
generally have not been tabulated for textile materials. Unless specific 
experimentation is carried out to measure these properties for each prod-
uct, even approximate values of these properties are difficult to obtain. 
There is considerable value in analyzing reduced forms of these 
equations obtained by restricting the applicability of the equations to 
specific drying situations. The results obtained from analyzing these 
reduced equations are helpful in explaining the physical mechanisms in-
volved during the drying process. In the following paragraphs, several 
simplifying assumptions which are generally reasonable approximations for 
most drying situations are discussed. The equations resulting from apply-
ing these approximations are presented. 
The energy equation may be reduced if the energy transport by con-
vection is small in comparison with the other energy terms: heat con-
duction, heat generation, and latent heat. For most drying situations, 
the energy convection is small because the mass flux is small. (A rough 
comparison of the magnitude of the convective term and the latent heat 
term may be made. The vaporization cf a pound of water requires a latent 
heat of nearly 1000 Btu and the transport of energy due to the flux of a 
pound of water through a 100°F tenperature differential is 100 Btu.) 
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Neglecting the energy transport by convection reduces the energy equation 
to the following 
3 £t 
(po c0 + Z p0 ck uk) ̂ ~ = V.kt V t - L W12 + qs • (4.88) 
k=i 
Another reasonable approximation, for most drying problems, is to 
assume the mass concentration of liquid moisture is considerably greater 
than the concentration of water vapor and air, i.e., 
u2 » ux + u3 . (4.90) 
This allows the approximation 
U = Uj_ + U2 + U3 = U2 • (4.91) 
The primary change in moisture content is due to the loss of liquid water, 
i.e. 
du a, du^ 
cVr or 
(4.92) 
which indicates that 
|Hi= 0 (k.93) 
fr 
8o 
The mass continuity equations, 4.58 and 4.59; are reduced by this 
approximation to the following: 
Po ̂  = V-[Di po V Ui + D2 po V u2 + (Di 5.! p0 + D2 5 2 P o) (̂ -9̂ ) 
Kf 




0 = V- [Di po V ux + D± Si V t + — V p] + W12. (4.95) 
M-i 
Comparing equation 4.95 "with the pressure equation 4.6l indicates that 
the pressure equation becomes 
— ^ — • = o. (4.96) 
Equations 4.88, 4.94, 4.95; an-d 4.96 were obtained by the assumptions that 
energy transport by convection could be neglected and the mass concentra-
tion of liquid water is much greater than that of air or water vapor. 
These assumptions are reasonable approximations for many drying prob-
40 15 
lems. ' When considering the special, drying situation with microwave 
heating, it is possible to further reduce the equations by taking into 
account some of the experimentally observed drying characteristics which 
are discussed in Chapter VII. 
During most of the drying process it was found experimentally that 
the temperature throughout the sample remained uniform and constant at 
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210°F. It was also found experimentally that the moisture gradient re-
mained uniform throughout the majority of the drying process. The assump-
tions, constant and uniform temperature and uniform moisture content, may 
be applied to the equations. The applicability of these assumptions to 
the physical situation is discussed in Chapters VII and VIII. 
The energy equation 4.88 is first considered term by term. The 
first term 
(po c0 + £ po
 ck uk) ̂ F = ° 
k=i 
because of the assumption of constant temperature. The second term 
V-k. V t = 0 
t 
because of the assumption of uniform temperature. The energy equation is 
thus reduced to the following form 
L W12 = qs (k.97) 
which specifies that the evaporation rate times the latent heat of water 
equals the internal microwave energy absorption, 
The mass continuity equations can also be examined term by term. 
The first three terms on the right hand side of equation k.^h 
Di Po v ui + D2 Po v u2 + (Dx 6.1 po + D2 b2 po) V t = 0 
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because of the assumption of uniform temperature and moisture content. 
This equation thus reduces to 
OVL *-, f p0 5T = v v p (I|-98) m 
which specifies that all of the moisture lost by the drying sample is dif-
fused by hydrodynamic diffusion in the vapor state. The second mass con-
tinuity equation ^.95 is similarly reduced as the first two terms are 
zero, i.e., 
Di Po V Ui + Dx 61 V t = 0 
This equation thus reduces to 
K 
V- -=- V p = - W 1 2 (
2+-99) 
M-i 
which specifies that all of the vapor which is generated diffuses through 
the sample by hydrodynamic diffusion. 
For convenience, these reduced equations are summarized below. 
L W 1 2 = qs (^-97) 
Po|^=V. -Ivp (k.9Q) 
K-
V- -i V p = - W l g * (^.99) 
Hi 
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These equations specify that the drying rate is proportional to the inter-
nal heat generation. If the internal heat generation is a constant; the 
drying rate will "be a constant. The pressure distribution is then speci-
fied by the solution to the following equation: 
K^ q 
f s 
\7» — V p = - —- = constant. 
uj. L 
The solution to this equation is known provided the product geometry is 
such that spatial coordinates, which yield useful boundary conditions, 
can be specified. In order to actually perform the second integration, 
some information must also be known about the variation of K , the 
permeability throughout the sample. The permeability of the dry sample 
is uniform and the permeability of the wet sample is proportional to the 
moisture content of the sample. Since the moisture content has been as-
sumed uniform, the permeability may be assumed uniform. However, it is 
known that the permeability of the sample varies with drying time such 
that different values must be used depending upon the average moisture 
content of the sample at the time of interest. 
The above equation may be solved for the particular one-dimensional 
cases pictured in Figure 11. If the moisture flow situation can be ap-
proximated by flow through a semi-infinite slab of thickness 2R, the 
equation reduces to the form shown below: 
dfp 
dx2 L Kf 
Qk 
Some of the samples examined experimentally approximated this particular 
geometry. This equation can be solved applying the typical boundary con-
ditions shown below. 
p = 0 at x - 0 
|£ = 0 at x = R 
dx 
The solution for the pressure distribution is 
~Y^ (Rx - ~) . (4.ioo) 
If a sample with only radial moisture flow is considered; the pres-
sure equation reduces to the form 
d2p 1 dp _ _ qs^i 
dx2 r dx L Kf 
Samples with this type of flow pattern were also examined experimentally, 
Assuming boundary conditions 
p = 0 at x = R 
^£ = 0 at x - 0 
allows the solution of the equation yielding 
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q u R2 
P= L V V - (
R2 -x^- ^-101) 
It is observed that the predicted pressure profile is parabolic in 
shape with the highest pressure at the center of the sample for either 
axial or radial flow. As drying progresses and the permeability increases, 
the pressure profile shifts downward but remains parabolic. 
The reasonableness of the assumptions applied in reducing the gene-
ral drying equations and the results of experiments to examine the drying 





A number of different experimental apparatuses were used in the 
course of the research. The details of each specific apparatus and the 
procedures used in running the experiments are discussed in the follow-
ing sections. 
The experimental investigation cf the heating and drying charac-
teristics of textile materials during microwave heating was conducted 
using two microwave ovens. Some experiments were conducted using a 915 
megacycles per second oven; however, the majority of the experimentation 
was conducted using a microwave oven operating at 2̂ -50 megacycles per 
second. 
24^0 Megacycles per Second Oven 
The 2^50 megacycles per second oven chamber consists of an aluminum 
box with dimensions 18 inches wide, 17?5 inches deep and 15 inches high. 
A Raytheon model QK 390 magnetron which was specially designed for direct 
coupling to a wave guide or oven cavity was used as the microwave genera-
tor. A small, antenna surrounded by a glass bulb protudes from the base of 
the tube allowing the tube to be mounted on the top of the oven chamber 
such that the antenna protrudes into the oven chamber. 
The magnetron is designed to operate at a fixed frequency between 
2̂4-25 and 2̂ -75 megacycles per second with a microwave energy output of 
87 
approximately 600 watts. An input of 6000 volts and approximately 350 
milliamperes direct current is required to drive the magnetron. In addi-
tion, the cathode heater requires a 9 volt 35 ampere alternating current. 
These input power requirements are supplied by a Raytheon model 2170 power 
supply which is specifically designed to drive this microwave tube. 
Aluminum sheet material l/l6 inch thick was used to construct the 
oven chamber. After the chamber was constructed, all seams were welded 
on the inside of the box, thereby rounding and filling all inside corners. 
This was done to reduce the chance of arcing in the microwave field which 
could possibly occur along a crack formed oy the junction of two sheets 
of material. 
Access was provided to the oven chamber by constructing the front 
of the chamber so it could be quickly removed and reinserted, thus pro-
viding a door. In order to minimize the microwave leakage from the edges 
of the door, the door edges and oven chamber walls form a tongue and groove 
assembly with the tongue part of the door and the sides of the grooves 
part of the oven chamber. The tongue protrudes approximately k- inches 
into the groove with less than l/32 inch gap between the tongue and the 
walls of the groove. 
In order to provide air circulation and allow visual observations 
into the oven, windows 7 by 5 inches were cut into the front and back of 
the oven chamber. To prevent leakage of the microwave energy, the window 
openings were covered with aluminum window screen (household type). Two 
thicknesses of screen, separated by a l/2 inch space, were placed over 
each window opening. 
Measurements of the microwave field distribution showed that the 
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field could be made more uniform by inserting a stirrer into the oven 
chamber. The stirrer consists of a four bladed aluminum fan, approxi-
mately 10 inches in diameter. The blade is mounted on a plexiglass shaft 
which protrudes through the top of the oven chamber. The blade is located 
approximately 2-1/2 inches from the top of the oven and slightly to one 
side of and below the protruding magnetron antenna. The stirrer is ro-
tated by a small motor at approximately 50 revolutions per minute. Seve-
ral stirrer speeds were tried but the speed did not seem to affect the 
electrical performance of the device. The stirrer speeds used are much 
too slow to cause appreciable air movement. The benefit of the stirrer 
results from the establishment of a continually changing surface from 
which the microwaves reflect. This helps to reduce the standing waves 
that might be established in a fixed geometry oven. The Raytheon Com-
pany makes use of a stirrer of similar design to aid in producing a uni-
form field distribution in some of its commercial ovens designed for res-
taurant use. Some details of a stirrer design are described in U. S. 
patent number 2, 813,185. 
A schematic of the equipment layout including the microwave oven 
and associated microwave components is shown in Figure 12. A photograph 
of the actual equipment showing the 2^50 megacycles per second oven is 
presented in Figure 13-
915 Megacycles per Second Oven 
The 915 megacycles per second oven is a slightly modified version 
of the General Electric oven model CE2UV, which is a prototype of an oven 
designed for restaurant food heating. The oven heating chamber is 5 in-
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Figure 12. Schematic of Equipment Layout Showing 2450 mc/s Oven. 
o 
Figure 13. Photograph of Equipment Layout Showing 2450 mc/s Oven, 
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ches high; 12 inches wide; and 12 inches deep. The microwave output of 
the modified oven is approximately -̂00 watts. All of the components; the 
magnetron^ pDwer supply; and oven chamber; are mounted in a single chassis 
with the magnetron connected to the oven cavity by a co-axial transmission 
line. Microwave energy is introduced into the heating chamber by means 
of several resonant dipole antenna elements coupled in. the proper phase 
relationship for establishing a uniform field in a non-resonant cavity. 
The dimensions of the cavity are such that none of the resonant wave-
lengths of the microwave energy at the operating frequency corresponds to 
a cavity dimension and; therefore; the microwave field created is generally 
free of' resonant modes. The front and the back of the oven chamber are 
constructed from perforated metal with approximately l/8 inch square holes 
comprising approximately l/3 of the surface area. Through these perfo-
rated end plates it is possible to visually observe the sample and to 
circulate scavenging air through the chamber. Access to the chamber can 
be obtained by swinging down a hihged door which is normally sealed against 
a bradded metallic gasket. 
The usefulness of this oven as a laboratory heating oven is limited 
by the small heating chamber. The largest sample volume that can be heated 
effectively in the oven chamber is 3 inches high and 8 inches wide and 8 
inches deep. Because of this limitation on sample size; the majority of 
the experiments to examine drying characteristics were conducted using the 
larger 2̂ -50 megacycles per second oven. The tests run using the 915 mega-
cycles per second oven were conducted to determine the effect of frequency 
change on the drying characteristics. 
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Oven Scavenging Air 
Air circulation through the ovens is established by placing a cen-
trifugal fan such that room air is forced through one of the oven windows. 
By adjusting the fan output it is possible to adjust the air flow rate 
through the oven and out the window on the opposite side. The air flow 
rate was usually adjusted such that the vapor leaving the drying product 
was removed from the oven at a rate similar to the generation rate. Tests 
showed that the air flow rate has little effect on the drying characteris-
tics, but when no scavenging air was used the atmosphere within the oven 
became so saturated with water that it was' difficult to visually observe 
the sample. Also, there is a tendency for arcing to occur within the 
microwave field when the oven atmosphere becomes extremely wet. 
Oven Cavity Lighting 
The screened windows allow visual observation of the drying ma-
terial inside the oven chambers. In order to provide lighting inside the 
oven, a fluorescent bulb was placed on the floor of the oven chamber. 
This bulb absorbs energy from the microwave field and will glow although 
there are no electrical connections to the bulb. The amount of energy 
absorbed by the bulb is small in comparison with the total energy of the 
field, so that the bulb causes a negligible disturbance in the microwave 
field. The bulb provides sufficient lighting to allow good observation 
of the sample inside the oven. The bulb also provides a good safety de-
vice in that it glows whenever there is a microwave field in the oven, 
thus reducing the chance that the door of the oven might be accidentally 
opened before first shutting off the microwave energy. 
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Oven Field Distribution and Energy Output 
The microwave energy input into the ovens can be calculated by 
observing the amount of energy that is absorbed by a load placed in the 
microwave field. It was found that the energy output of the microwave 
generator varied slightly depending upon the electrical characteristics 
of the load. The total microwave energy input to the oven and the uni-
formity of the field distribution were measured by observing the amount 
of energy absorbed by the various amounts of water placed in open beakers 
at various locations throughout the oven. The energy absorbed by the 
water was obtained using measurements of the change in temperature of the 
water and the amount of water which boiled away. The microwave power in-
put to the 2^50 megacycles per second oven was found to be between 550 
and 600 watts. The microwave power input to the 915 megacycles per sec-
ond oven was found to be between k-00 and 500 watts. A more detailed pre-
sentation of the measurements and results concerning the microwave power 
output of the ovens is1 given in Chapter VIII. 
An investigation of the field uniformity within the oven chamber 
was made by two different methods. With no other load in the oven, the 
field distribution was measured by observing the energy absorbed by a 
number of small beakers of water arranged in a grid throughout the oven 
chamber. The water in the beakers provided the load for the microwave 
energy. The relative energy absorption between the different beakers was 
indicative of the microwave field distribution only for that particular 
load geometry. If the beakers were rearranged, the field distribution 
changed. 
With a load (such as a cake of wet yarn) in the oven, the field 
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distribution was examined by observing the light intensity of a grid of 
12.5 watts, 1.15 volts electric light bulbs (the type used on Christmas 
trees). The bulbs will absorb energy from ;.:he microwave field and 
glow with an intensity proportional to the field intensity. It was ob-
served that the microwave field distribution, when there was a concentrated 
load in the oven, was different from the distribution when there was a dis-
tributed load. When the load was concentrated at the center of the oven, 
the field concentrated about the load and was weaker in areas of the oven 
far from the load. 
The microwave leakage from the 2^50 megacycles per second oven was 
measured using a calibrated horn and a bolometer. It was found that the 
leakage from the oven was small such' that there was negligible loss in 
microwave energy due to leakage. In spite of the precautions taken in 
designing the tongue and groove door seal, it was found that microwave 
leakage from the edges of the door was sufficient to cause a possible 
personnel hazard. Since in the course of taking data much time had to be 
spent directly in front of the oven door, it was decided that further 
shielding was necessary. A cage of 0,25 inch squares hardware cloth was 
constructed around the oven. The door of the cage was held in place by 
two spring catches. The cage door was sealed by using steel wool strip-
ping along the junction of the cage door to the rest of the- oven. With 
the addition of the cage about the oven, the microwave leakage was several 
orders of magnitude less than the industrially safe standard. The micro-
wave leakage from the 915 megacycles per second oven was measured using a 
calibrated dipole antenna. The leakage was found to be within the indus-




In order to have a direct comparison between conventional convective 
hot air drying and microwave drying, experiments were run using hot air 
drying of yarn packages identical, to some that were examined using micro-
wave heating. Samples 6 inches in diameter and 5-3/8 inches long were 
prepared from absorbent cotton yarn. Thermocouples were placed within the 
sample enabling the continuous monitoring of the temperature distribution 
throughout the sample as drying progressed. The sample was placed in a 
12 inch diameter wind tunnel. A detailed discussion of the wind-tunnel 
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dryer construction is given in a thesis by Brook. A schematic of the 
wind-tunnel dryer is shown in Figure lk. Hot air at 300°F was circulated 
over the sample which was positioned in the center of the wind tunnel with 
the cylindrical axis vertically oriented. The sample was held in position 
by a metal rod which fit snugly through the paper core of the sample, 
positioning the sample such that air could circulate about all sides of 
the sample. The supporting rod was attached to a platform held in posi-
tion by four cantilever beam supports such that the deflection of the sup-
ports is proportional to the weight of the sample. The deflection was 
measured by a strain gauge bridge which wa,s connected to a Bruel and Kjaer 
model 15l6 strain gauge apparatus. This allowed the continuous reading 
of the weight of the sample. It was thus possible to determine the total 
moisture content and temperature distribution throughout the drying process. 
Test Samples 
The drying characteristics of both absorbent cotton, non-absorbent 
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cotton yarn was obtained from the Textile Department, Georgia Institute of 
Technology. The yarn was 2k count single ply, and had not been exposed 
to any bleach treatment. 
The absorbent cotton yarn had been made absorbent by subjecting it 
to a caustic bleach process. The majority of the cotton yarn was obtained 
from the Standard-Coosa-Thatcher Company in Chattanooga, Tennessee. This 
yarn was 28 count, two ply, unmercerized, treated with a special "V" 
bleach process to make it specially absorbent. A typical commercial use 
for this particular yarn is to make terry cloth "after a bath" robes. 
In addition to the tests made using cotton yarn, some experiments 
were conducted using absorbent viscose rayon yarn. The drying characteris-
tics appeared to be similar to the characteristics of absorbent cotton 
yarn. The viscose rayon yarn was obtained from Celanese Corporation, 
Rome, Georgia Plant. It was dried in the form of two-pound cakes, k in-
ches long, 6 inches in diameter and without a center core. 
The drying characteristics of several size samples of the different 
cotton and viscose rayon yarns were studied. Typically, the samples were 
prepared by winding the yarn on a cylindrical paper core, forming a cylin-
drical yarn package. The cores are the type standard to the textile in-
dustry, made of rolled and glued paper, j/8 inch in diameter. Such a core 
is relatively impervious to moisture movement, forming a moisture seal 
along the center of the sample. When wetting the yarn package, the core 
was soaked in water but it did not appear to absorb an appreciable amount 
of water. The paper core did not heat appreciably in the microwave field. 
Some drying runs were made with the same sample geometry but with the 
paper core removed from the sample, leaving no center cylindrical support. 
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Except for considerable distortion of the yarn package due to uneven 
shrinkage of the drying yarn, no changes in the drying characteristics 
were observed. 
Several different size yarn packages were dried with an attempt to 
determine the effect of sample size on drying characteristics. There ap-
peared to be little difference in the drying characteristics of the dif-
ferent size sampleso The effect of sample size is discussed in detail in 
Chapter VII. The majority of the tests were run using one of three differ-
ent sizes. The largest size consisted of a cylinder approximately 8 inches 
in diameter and 5-3/8 inches long with a dry weight of approximately 3«^ 
pounds. A shorter cylinder, 2-l/2 inches long and 8 inches in diameter 
with a dry weight of 1.0 pound was also used. The third sample size was 
6-3/8 inches in diameter and k-l/k inches long with a dry cotton weight 
of approximately 1.75 pounds. All three sample sizes were dried in the 
2^50 megacycles per second oven, but only the two smaller sizes were dried 
in the 915 megacycles per second oven. 
In order to study the moisture movement within the sample, it was 
necessary to make some tests in which the moisture movement was in one 
direction only. Moisture flow was restricted to one direction by coating 
one or more surfaces of the sample with a thermal plastic which was im-
pervious to moisture. To restrict the moisture movement to the axial di-
rection only, the circumference of the yarn cylinder was coated with the 
plastic. To restrict the moisture flow to the radial direction, the ends 
of the yarn cylinder were coated. The particular plastic used was a poly-
ester resin manufactured by Marco Chemical Corporation, Linden, New Jersey, 
and sold under the name MR-U-55- The resin comes in liquid form with a 
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consistency similar to Karo syrup. The resin is activated by the addition 
of methyl ethyl ketone peroxide as a catalyst. It can then be painted onto 
the yarn sample with a brush and will harden in a few hours forming a hard 
shell surface. The plastic soaked or penetrated into the cotton sample 
less than l/l6 inch. Several coats of the plastic were usually applied; 
forming a plastic shell l/32 to l/lo inch thick. 
The plastic has a very low microwave loss factor. No heating of 
the plastic could be observed when a block of the plastic was placed in 
the oven and the oven turned on. It is thus assumed that the plastic is 
transparent to the microwaves such that microwave penetration into the 
sample was unaffected by the plastic. Figure 15 shows three typical samples 
prepared for different experiments. One sample has the ends sealed with 
plastic and one the circumference sealed. 
The samples were wound on a winding machine and then allowed to 
come to moisture equilibrium in a known temperature and humidity room. 
(The average equilibrium moisture content for the absorbent cotton yarn 
was five percent.) The sample was then weighed and the dry weight of 
cotton determined. The desired probes such as thermometers and pressure 
probes were then inserted into the sample and; if applicable; the sample 
coated with plastic. The added weight to the sample was recorded and then 
the sample was allowed to soak submerged in a tank of tap water for a 
minimum of 2k hours. Measurements of the moisture content throughout the 
sample showed that the largest samples of absorbent cotton were uniformly 
wet when soaked for this period of time. The non-absorbent cotton required 
a considerably longer wetting time and. seme difficulty was encountered in 
trying to wet uniformly a large non-absorbent cylinder of unbleached cotton. 
Figure 15. Three Typical Test Samples. 
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Typically, the samples were dried starting at an extremely wet state, 
being allowed only to drain 5 to 10 minutes after being removed from the 
soaking tank. The initial moisture content of the absorbent cotton 
samples was typically approximately 2.2 pounds of water per pound of dry 
cotton and that of the non-absorbent samples approximately 1.1 pounds of 
water per pound of dry cotton. 
Some tests were run starting with samples at lesser moisture con-
tents. The lesser moisture content was obtained by partially soaking the 
sample and then sealing it in a plastic bag and letting it set until a 
uniform moisture content throughout the sample was achieved. It was typi-
cal to achieve a uniform moisture distribution throughout a package of 
absorbent cotton in less than 2k hours. In non-absorbent cotton, very 
little moisture would diffuse through the sample from a wet portion to a 
dry portion in a 2k hour period., and obtaining uniformity was difficult. 
Tests were conducted to examine the moisture conduction or wicking 
rate. A cylindrical sample of dry cotton yarn approximately 8 inches in 
diameter and 2-1/2 inches long was wound. One portion of the sample was 
submerged in a tray of water and the moisture content at locations 
throughout the unsubmerged portion of the sample monitored. Throughout 
a 2k hour period of continuous soaking, the moisture content one inch 
above the submerged surface of a sample of non-absorbent cotton yarn re-
mained less than 0.10 pound of water per pound of dry cotton. The mois-
ture content at a similar location above the submerged surface of an ab-
sorbent cotton sample increased to over 1.0 pound of water per pound of 
dry cotton in less than 15 minutes of sosiing. It was concluded from 




ent sample quite rapidly but that there is almost no liquid moisture 
conduction through a sample of non-absorbent yarn. 
Sample Weight Measurement 
In order to determine the total moisture content of the sample 
throughout the drying process, it is necessary to continuously measure 
the weight of the sample. When the sample is placed in the oven, it is 
supported by a small plexiglass platform. This platform is supported 
from below by a plexiglass rod, which protrudes through the bottom of the 
oven chamber. The plexiglass rod is attached to the end of a 15 inch 
long metal beam located below the floor of the oven. The beam is canti-
levered from a rigid support at the opposite end. The beam material is 
cold rolled steel and the beam has dimensions approximately l/8 inch thick 
and one inch across.. It. is rigid enough such that the deflection of the sam-
ple platform is less than 3/l6 inch under maximum changes in sample weight. 
Four strain gauges are attached near the root of the beam and the strain 
gauges are connected into a four terminal strain gauge bridge which is 
connected to a Bruel and Kjaer model 1516 strain gauge apparatus. The 
voltage output of the strain gauge apparatus is proportional to the sample 
weight. The system can easily be calibrated by placing known weights upon 
the sample platform and observing the voltage output of the strain gauge 
apparatus. The overall sensitivity of the weighing device is 0.01 pound, 
with a range of 0 to 15 pounds. The weighing mechanism is shown schema-
tically in Figure 12. 
The strain gauges and associated wiring have a tendency to pick up 
stray microwave voltages emanating from the oven and generator. By wrap-
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ping the gauges with steel wool sheeting and shielding the lead out wires, 
it was possible to eliminate the microwave pickup. 
Temperature Measurement 
In order to study the heat and mass transfer characteristics of the 
drying sample, it is necessary to measure the temperature distribution 
throughout the sample as drying progresses. The presence of the microwave 
field restricts the types of temperature measurement devices which may be 
used. The presence of metallic devices, such as thermocouple wires or 
thermister wires, causes a large disturbance to the microwave field. Arc-
ing occurs between the wires and the walls of the oven chamber. Alcohol-
filled glass thermometers were found to work satisfactorily. The thermo-
meters used throughout the tests were manufactured, by the Taylor Instru-
ment Company, Catalog No, 21420. These thermometers are approximately 6 
inches in length with a bulb length of approximately 3/8 inch and a dia-
meter of approximately l/8 inch. The thermometers have a temperature scale 
range of 0 to 220°F in two degree increments. Using a known temperature 
bath, it was possible to extend the range of calibration to 250°F and to 
mark the extended temperature scale on the thermometer stem. Tests con-
sisting of placing the thermometers in the microwave field indicated that 
the thermometer reading is unaffected by the field and that negligible 
heating of the alcohol or thermometer glass occurs. 
Typically, the thermometers were inserted into the sample after the 
sample had been wound to the proper size. The thermometers were inserted 
by slightly pushing aside the yarn fibers using a sharp probe or the ther-
mometer itself. If it was desired to coat the surface of the sample with 
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plastic, this was done after the thermometers had been inserted. Figure 
15 shows three typical samples with the thermometers in position. 
A number of tests were performed to determine whether the presence 
of the thermometers affects the heating characteristics of the sample. 
The sample was heated for various lengths of time and then quickly removed 
from the oven and probed with needle-type probes with thermocouples on the 
end. The temperature distribution in the sample appeared to be unaffected 
by the presence of the thermometers. 
The thermometer readings were found to be affected by the insertion 
depth of the thermometer into the sample, This effect was most predomi-
nant for nearly dry samples- In an attempt to determine the effect of in-
sertion depth; several thermometers were inserted into the sample approxi-
mately one inch; leaving a large amount of stem exposed. Some of the 
thermometer stems were wrapped with l/k inch of wet textile material which 
heated to a temperature similar to the sample temperature. A maximum tem-
perature variation of 5°F was found between exposed stem and unexposed 
stem thermometers. The variation in the thermometer reading due to the 
exposed stem appeared to be a function of the position of the thermometer 
with respect to the oven scavenging air flow as well as a function of the 
insertion depth. Evidently the thermometer stem temperature varied de-
pending upon the amount and velocity of scavenging air passing the stem. 
Because of this variation, it was not possible to establish a reliable 
stem correction procedure. No correction for insertion depth has been made 
for any of the reported test results. A discussion concerning the reliabil-
ity and accuracy of all measurements is presented in Appendix D. 
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Local Boiling Point Temperature 
Experiments were run to determine the "boiling temperature of tap 
water in the laboratory. It was found that the average local boiling 
point of tap water was approximately 210°F. 
Pressure Measurement 
The pressure distribution throughout the sample was measured by 
inserting pressure probes into the sample. These probes consisted of 
lengths of Teflon tubing which were inserted into the wound sample. The 
Teflon tubing was then led out through one of the observation windows in 
the wall of the oven and connected to manometer tubes mounted outside the 
oven chamber. Teflon was chosen as the probe material because its ex-
tremely low microwave loss factor makes it invisible to the microwave 
field. 
Several problems were encountered in trying to measure the pressure 
distribution. One problem was leakage or flow of moisture along the out-
side of the pressure probes as they extended through the outer layers of 
the sample. The insertion of the pressure probe distorted the yarn fi-
bers thereby forming a possible flow channel along the edge of the probe. 
Should flow occur, this would affect the pressure distribution near the 
probe. Meaningful pressure readings could be obtained only when the sur-
face of the sample through which the probe protruded was coated with mois-
ture sealing plastic. This limited the pressure measurements to cases 
where at least one side of the sample was sealed with plastic and to mea-
surements at positions along the direction of moisture flow. 
A second problem encountered concerned the size of the pressure 
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probe. Ideally; the probe diameter should be as small as possible. 
However; it was found that as the manometer fluid level is displaced due 
to the pressure variation; the vapor from _nsi.de the sample is drawn into 
the tubing. When the vapor fraction in the tubing protruding from the 
sample becomes large; there is a tendency for the vapor to condense back 
into a liquid. The surface effects of the liquid drops thus formed could 
cause a relatively large pressure variation along the probe tubing. It 
is possible to minimize the effects of moisture condensation in the lead 
out tubes by using relatively large tubes and keeping their length to a 
minimum. Satisfactory results were obtained using 0.106 inch internal 
diameter tubing inside the sample and a short distance from the sample 
surface expanding to O.25O inch internal diameter tubing. The O.25O inch 
diameter tubing was used for both the lead out tubing and for manometer 
tubing. The manometer fluid used was water. Using these tubing sizes; 
negligible condensation could be observed in the probes or lead out lines. 
No condensation was observed, within the manometer tubes. Figure 15 shows 
a typical sample with the Teflon pressure probes and lead out tubes in 
position. 
Moisture Measurement 
In order to study the drying characteristic; it is necessary to 
measure the moisture content at locations throughout the sample. The mea-
surement of moisture content inside drying bodies is generally difficult 
and the presence of a microwave field further complicates the measurement 
problem. The measurement device must not be affected by the microwave 
field and also not distort or disturb the field. A method developed allow-
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ing the measurement of internal moisture content consists of shining a 
collimated beam of photons (gamma rays) through the sample and measuring 
the attenuation of the beam. The photons are uncharged particles and are, 
therefore, unaffected by the microwave field. The basis for this tech-
nique is that the intensity of the beam of radiation decreases as it passes 
through the sample. The more molecules of material in the path of the beam 
of photons, the more likely the collision of the photons with the material. 
The more water present in the path of the beam, the less will be the inten-
sity of the exiting beam. Therefore, the amount of water along a line 
through the sample can be measured by observing the attenuation of the ra-
diation beam shined through the sample. The beam will also be attenuated 
by material other than water such as the oven walls, dry cotton, etc., but 
this attenuation will not vary as the sample dries. The difference between 
the attenuation through a wet sample and through a dry sample will be pro-
portional to the amount of moisture in the wet sample. A detailed discus-
sion of the principles of moisture measurement using gamma radiation is 
given in Chapter VI. Only general comments and descriptions of the spe-
cific equipment used in this research are discussed in this chapter. 
Although this method of moisture measurement yields the average 
amount of water along a line through the sample rather than a more desir-
able localized point measurement, the line measurement tells much about 
the moisture content of the sample. If the moisture movement can be re-
stricted such that there is no variation of moisture content in one dimen-
sion, the moisture distribution throughout the sample can be measured by 
shining the beam parallel to the uniform direction. 
A schematic diagram showing the equipment layout for moisture mea-
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surement (along with other equipment used in the tests) is shown in Fig-
ure 12. , 
The gamma ray source used was cobalt-60. The cobalt-60 was con-
tained within a small pellet roughly l/8 inch in diameter and l/k inch 
long. The source had a radioactivity of approximately 10 curies. To 
facilitate the handling of the source, the radioactive pellet was mounted 
in a cylinder 1.06 inches in diameter and 12 inches long. The portion of 
the cylinder above and below the pellet is filled with lead. When the cy-
linder holding the source is snugly inserted into a cylindrical hole bored 
from the top into a large lead-filled container, the pellet is completely 
surrounded by lead (see Figure l6). A small hole l/l6 inch in diameter was 
drilled horizontally from the wall of the container intersecting the center 
of the container along the centerline of the cylindrical cobalt-60 source 
holder. The length of the hole is 9 inches. By raising the cobalt-60 
holder slightly above its bottoming position, it is possible to align the 
cobalt pellet with the l/l6 inch hole, allowing a beam of radiation to es-
cape through the hole. 
The lead container was formed by welding a steel outer shell and 
pouring this full of molten lead. Approximately 1000 pounds of lead was 
required. A l-l/l6 inch diameter hole was drilled and'reamed from the top 
of the cylinder for the source holder. Some difficulty was encountered in 
drilling a 9 inch long, l/l6 inch diameter straight hole through the side 
of the container. A l-l/2 inch hole was drilled and reamed along the line 
of the desired l/l6 inch hole. Lead spacers approximately three inches 
long and sized to fit snugly in the larger hole were machined. A l/l6 inch 
hole was drilled through the center of these spacers using a l/l6 inch dia-
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Figure 16. Radioactive Source, Collimator, and Container. 
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meter drill rod as a bit. These spacers were then stacked into the l-l/2 
inch diameter hole. 
The intensity of the gamma ray beam was measured by the scintilla-
tion technique. A Harshaw Nal(Tl) Scintillation Detector was placed in 
the path of the beam. Both two and three inch diameter crystals were used. 
It was found that the three inch diameter crystal worked better than 
smaller crystals because of the tendency for the high energy (1.33 MeV) 
photons from the cobalt-60 to pass through the smaller crystals without a 
collision. The scintillation detectors were powered by a Tracerlab Versa-
matic II power supply. 
The output of the scintillation detector was fed into a Franklin 
Electronics Linear Amplifier and Discriminator. The output from the dis-
criminator; which is a 2k volt pulse corresponding to each input pulse 
within the discrimination band, was fed into a Hewlett Packard Digital 
Counter model 5233L* In order to obtain the desired counting time inter-
vals (generally 50 seconds), it was necessary to supply the counter with 
an external time base. A Hewlett Packard model 202C Audio Oscillator was 
used for this purpose. 
Cobalt-60 has two primary photon emission energies, 1.17 and 1.33 
MeV. The pulse height discriminator was set such that photon energies 
between 1.0 and l.k MeV were counted. It was found that the count rate 
of the beam after passing through the sample and the oven walls surround-
ing the sample was in the order of one to five million counts per minute. 
A higher count rate was possible with the particular source and geometry, 
but at higher count rates the counting equipment used appeared to saturate 
slightly^so the higher count rate was not used. 
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In order to measure the moisture content at many locations through-
out the sample^ it is necessary to move the sample with respect to the ra-
diation beam. Because of the tremendous weight of the lead radiation source 
container, it is more practical to move the oven than to move the radiation 
beam. The entire oven was located on a sliding table which allowed the 
horizontal positioning of the sample with respect to the beam. 
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CHAPTER VI 
THE USE OF GAMMA RADIATION TO MEASURE MOISTURE CONTENT 
Introduction 
In order to examine the characteristics of the drying processes, 
it is desirable to be able to determine the local moisture content 
throughout the drying body during transient drying conditions. 
The determination of the local moisture content must be conducted 
in such a manner that the heat and mass transfer within the body is in-
significantly disturbed by the measuring device. Also, the volume of the 
sample over which the measurement is taken should be small such that the 
measurement can be considered a local measurement. There are two types 
of moisture contained in many hygroscopic materials,, bound moisture en-
trained in the cell of fiber walls or in very small capillaries, and free 
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moisture. It is usually desirable for the measuring device to measure 
both types of moisture. 
A useful technique for measuring the moisture content of a drying 
sample is to shine a collimated beam of photons or other radioactive 
emissions through the sample and measure the attenuation of this beam. 
The basis of this technique is the fact that the intensity of radiation 
decreases as it passes through the sample, If the source intensity of 
the beam is constant and if the amount of dry product in the path of the 
beam remains constant, the change in the intensity of the attenuated beam 
can be related to the change in moisture content of the sample. 
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This technique has the convenience of not requiring a physical 
connection to the drying sample. The radioactive beam may be shone 
through the sample and through the walls of the oven, wind tunnel, bell 
jar, etc. in which the sample is being dried. Since the amount of attenu-
ation of the beam by the surrounding container does not change as the 
sample dries, this attenuation can be differentiated from attenuation due 
to moisture content, 
Types of Radiation 
The collimated beam may consist of several different types of radio-
active emissions, neutrons, alphas, betas, gamma rays, or x-rays. Alpha 
particles are absorbed by a sample in a very short distance of penetration. 
For example, a sheet of paper will absorb most of the incident alpha par-
ticles. This makes the use of alpha particles impractical for the mois-
ture measurement of thick samples. 
Beta particles are more penetrating than alpha particles, but they 
are also absorbed very easily. They have the disadvantage that their ab-
sorption by the sample is not truly an exponential function of penetration 
depth but rather a complicated function including the molecular arrangement 
of the sample. This makes correlation of attenuation to moisture content 
4s 
more difficult than with some other types of radiation. Dreshfield has 
shown that the use of betas gives good results for thin samples such as 
paper. 
Neutrons have an affinity to the hydrogen atom; therefore, their 
attenuation in the sample is greatly affected by the number of hydrogen 
atoms in the beam's path. The use of neutrons works well for measuring 
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the moisture of materials where the only hydrogen present is in water. 
Belcher et al. . have shown that the use of neutrons works well for detec-
ting the moisture content of sand. However, when the drying sample con-
tains a material like cellulose, which has a very high hydrogen count, 
this method does not work as well. The attenuation of the neutron beam 
becomes primarily a function of the amount of dry product in the beam's 
path and less a function of the moisture present. Another disadvantage 
to using neutrons is that neutron bombardment has the effect of activa-
ting (making radioactive) the sample. Like beta particles, the attenua-
tion of the neutron beam is not an exponential function of moisture content. 
X-rays are low energy photons and in this way behave similar to 
gamma rays, which are described in following paragraphs. The potential 
penetration of a photon is a function of the energy of the photon. Since 
x-rays are low energy photons, they have low penetration and are limited 
in their use to thin samples. X-rays are usually generated by electrical 
equipment. Equipment which will provide the necessary photon flux is 
often expensive compared to similar techniques using photons obtained 
from radioactive decay. 
Photons are classified according to their mode of origin, not their 
energy. Gamma rays are defined as electromagnetic radiation accompanying 
nuclear transitions. Radioactive isotopes provide a convenient source of 
gamma rays. Although most radioactive isotopes emit photons at a multi-
tude of energy levels, many isotopes have one or more energy levels at 
which they emit the bulk of their photons. By selecting different iso-
topes, the energy range available is quite broad, extending to much higher 
energies than x-rays. Thus, when gamma rays are used, there is little 
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limitation as to sample thickness. If more penetration is required, it 
may be obtained by choosing an isotope which emits higher energy gamma 
rays. It should be observed that too high an energy must not be used 
or the amount of attenuation due to the moisture might be too small to 
be conveniently measured. Since gamma rays can be obtained by the decay 
of inexpensive radioisotopes, obtaining a gamma ray source is relatively 
inexpensive. 
Relationship Between Attenuation and Moisture Content 
Unlike charged particles such as alpha and beta rays, a we 11-
collimated beam of gamma rays shows a truly exponential absorption behavior 
in matter. The reason for this lies in the fact that photons are absorbed 
or scattered in a single event. That is, the collimated photons that pass 
through the absorber have not interacted with the absorbing material, while 
the ones absorbed have been eliminated from the beam in a single event. 
There are a number of processes that cause gamma rays to,be scat-
tered or absorbed. The three types of interactions that are of importance 
in the energy range from 0.1 to 6 MeV are the Compton effect, the photo-
electric effect, and the pair production effect. A detailed discussion of 
kG other minor effects is presented by Evans. The Compton effect is one 
in which a photon is deflected by an electron of the atom in the absorbing 
material. The collision is elastic and not only is the direction of the 
photon changed, but the energy of the photon is also reduced, some of the 
energy being transferred to the electron. The photoelectric effect is the 
process in which a photon gives all its energy to a bound electron. This 
electron uses part of the energy to overcome its binding to the atom and 
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the rest as kinetic energy. Pair production is a process in which 
a photon strikes an atom and produces an electron-positron pair. This 
process can only take place when, the energy of the photon is equal to or 
greater than the mass energy of the electron-positron pair. These three 
processes act independently with seme being more dominant at different 
energy levels of the incident photons. 
The basis of all measurements of the absorption of gamma rays is 
the fact that the intensity of radiation decreases as it passes through 
material. The probability of a given photon passing through a distance x 
of the absorber without any interaction with the absorber is the product 
of the probabilities of survival, of the photon for each of the possible 
interactions. Therefore,, the probability of the photon traversing the 
_ 0x 
thickness x without a Compton collision is e , without a pair-production 
— Bx — *yx 
is e , and likewise without a photoelectric effect is e . The coeffi-
cient a is the linear attenuation coefficient for the Compton process; 
|3 is the linear attenuation coefficient for the pair-production effect, 
and 7 is the linear attenuation coefficient for the photoelectric effect. 
A collimated beam of gamma rays of intensity I 0 will have a residual in-
tensity, I, after the beam has traversed a distance, x, through a partic-
ular. material. The intensity, I, is given by 
_ _ - crx - 7X - fjfec / r _ v 
I = I 0 e e ' e . (o.lj 
Equation 6.1 may be reduced to 





I = I0 e 
where uQ is the total attenuation coefficient. For gamma rays of a given 
level; the total attenuation coefficient can be expressed as the following: 
uQ - C Na Z p 
where Z i s the atomic number of the absorber , N i s Avogadro's number, p 
a 
is the density of the absorber, and C is the constant of proportionality. 
It is seen that a given material will have a constant total mass 
absorption coefficient if the energy of the incident radiation is constant. 
If a collimated beam is incident upon a material in which the density is 
changing, then the change in the residual intensity is a direct function 
of the change in density of the absorber. Generally during drying pro-
cesses, the change of density is caused only by a change in the moisture 
content. Therefore, if a collimated beam of gamma rays passes along some 
line through the product during the drying process, the change in the at-
tenuation of the gamma rays can be related directly to the change in mois-
ture content along this path. 
Since gamma ray absorption is exponential, the equation for absorp-
tion can be written in terms of the wet and dry states of the sample. 
The equation is 
-kux 
1 = 1 , e 
dr (6.2) 
118 
where I is the intensity of a gamma ray beam after passing through a wet 
sample and I is the intensity of the same gamma ray beam passing through 
the same dry sample; where k is a constant that is determined experimen-
tally, u is the average moisture content, and x is the distance through 
the product. The constant k incorporates the density of dry product, Z, 
N , and all the constants involved in the exponent of equation 6.1. The 
a: 
moisture content is then given by the equation 
B C - i l n ^ - (6.3) 
k I 
The intensity of the beam when shining through the dry product can 
be determined by measuring the beam intensity at the measurement locations 
before the sample is wetted. If the beam intensity is measured at one 
other known moisture content, the proportionality constant, k, can be cal-
culated. Throughout this research the moisture content was nearly uniform 
throughout the sample after wetting but before starting the drying process, 
Since the moisture content was uniform throughout the sample, it could be 
obtained by calculation, knowing the weight of dry cotton and the weight 
of water. Measurements of this known moisture content provided the neces-
sary information for the calculation of the proportionality constant. 
Beam Intensity Measurement 
It is customary to determine the radiation intensity by counting 
the number of photons in the beam. The intensity, I, is proportional to 
the number of counts divided by the time interval of counting and divided 
by the efficiency of the counting instrumentation. It is convenient to 
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use consistent counting intervals for all measurements during a drying 
experiment. It is not always possible to rely upon the counting efficiency 
to remain constant for long periods of time. The counting efficiency is 
particularly sensitive to drift because of the use of a pulse height dis-
criminator. Slight changes in the scintillation tube power supply voltage 
or the gain of the linear amplifier will cause a shift in the voltage mag-
nitude of the pulses approaching the discriminator. Since the discrimina-
tor window may not shift correspondingly, the window may look at a differ-
ent level of photon energies. Instrumentation is available which allows 
a minimum drift in counting efficiency, but besides being quite expensive 
it usually requires constant temperature surroundings. Typical drying 
laboratories do not have a precisely controlled atmosphere. 
It is possible to compensate for a slow drift in counting effici-
ency. Periodically throughout the drying process the beam is positioned 
such that it shines through an unchanging media that will give a con-
stant amount of attenuation from the beginning through the end of the ex-
periment. The number of counts per counting interval at this location is 
periodically recorded* If there is no drift in the number of counts when 
the beam is shining through this unchanging media, no drift in the count-
ing efficiency is occurring. 
If a drift is observed the effect of it can be nullified by using 
a modified equation for calculation of the moisture content. Since the 
amount of attenuation by the unchanging media is constant, both the dry 
intensity and the wet intensity may be divided by this reference inten-
sity, I , giving 
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u = iln - 1 7 1 - • 
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If the counting efficiency of the measurement system does not drift too 
rapidly, the counting efficiency during some of the periodic reference 
measurements can "be assumed to be the same as that during test measure-
ments taken during the same period of time. The number of counts recorded 
on the counter is proportional to the beam multiplied by the counting ef-
ficiency and the time interval of counting. If the time interval and 
counting efficiency are the same when the test measurement and reference 
measurement are made, the ratio of .Intensities is equal to the ratio of 
the number of counts. This leads to the modified equation for moisture 
content 
where N is the measured number of counts when the beam is shone through 
the sample. N is the best estimate of the number of counts that would 
be measured were the beam shining through the reference media, obtained 
by interpolating between the periodic measurements taken through this 
media. N-, is the number of counts observed when the beam was shone 
dr 
through the dry sample at the measurement position, and N is the num-




An inherent limitation of the accuracy of the gamma-ray method to 
determine moisture content lies in the nature of gamma radiation emission. 
Although the average emission rate of the source may be predicted by the 
half life of the material., the rate at any instant is subject to fluctua-
tions about a mean value due to the random nature of gamma ray emission. 
As the events of emission become larger, the distribution of the measured 
emission rate approaches the Poisson distribution, for which the standard 
deviation of the number of emissions in any given time is equal to the 
square root of the number of emissions. One can predict with a confidence 
level of 68.2 percent that the variation from the mean number of counts 
will not be more than one standard deviation. That is to say that the 
statistical variation in the number of counts during any counting period 
will not be more than the square root of the number of counts, 68.2 per-
cent of the time. In order to increase the confidence level, the number 
of standard deviations must also be increased. To have a confidence 
level of 95*̂ - percent, two standard deviations in the count rate must be 
tolerated. For a confidence level of 99*73 percent (which is sufficient 
for most engineering problems), the statistical variation in the count 
rate will be three times the square root of the number of counts. It 
should be noted that the larger the number of counts, the smaller the 
percent statistical variation. 
It should be pointed out that the percent error in the moisture 
content measurement due to statistical variations is not the same quan-
tity as the percent statistical variation in the count. For example, 
suppose that one million counts are obtained during one counting period 
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through a wet sample of approximately 50 percent moisture content. Suppose 
also that through the same sample when dry, the mean number of counts, aver-
aged over many counting periods (thereby reducing statistical variations), 
is one and one-half million counts. With a confidence level of 99*73 per-
cent, the statistical error in the measured count through the wet sample 
would be three times the square root of one million or ± 3^000 counts. 
Using equation 6.3 shows that, due to this statistical fluctuation, the 
observed moisture content could vary from >+9.6 percent to 50.3 percent. 
This error is a result of random statistical variation alone and is in ad-
dition to more common errors introduced by counting circuit nonlinearities, 
timers, and relays. The common errors are reduced by good design practices 
but the statistical error is only reduced by increasing the number of 
counts per counting period. The number of counts per counting period may 
be increased by either lengthening the counting period or increasing the 
source intensity. Measurement instrumentation has a limit on what rate 
pulses may be counted. The average period between pulses must be less 
than the response time of the instrument or many pulses will not be counted 
as they occur while the instrument is counting the previous pulse. Length-
ening the counting period has the disadvantage that the sample character-
istics might change during the measurement period. 
Experimental Equipment 
The necessary experimental equipment can be categorized as a source, 
a collimator, a radiation detector, a discriminator, and a counter. Each 
of these is considered individually below, 
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Collimator 
The emission from the source is normally spherical and must be 
collimated. This can be accomplished by surrounding the source with suf-
ficient shielding to reduce the radiation intensity to a satisfactory, 
safe level and by providing a small hole through the shielding. The radia-
tion from this container will be insignificant in all directions except 
directly in line with the hole. The longer and smaller the diameter of 
the hole, the smaller will be the diameter of the collimated beam. 
An easy way to check the size and geometry of the beam is to place 
a piece of Polaroid film in a light-sealed packet in the path of the beam 
and observe the spot on the film which is exposed by the gamma radiation. 
The required exposure time is a function of the beam intensity and photon 
energy. The writer has used exposure times of one to four hours. 
Only the portion of the source directly in line with the hole will 
emit a significant number of photons which find their way through the 
hole. Therefore, the smaller the hole, the less the effective intensity 
of the source. It is desirable to minimize the total intensity of the 
source as this minimizes the amount of shielding required when using or 
handling the source; but, the required beam intensity is set by the 
sample thickness, density, etc., and the allowable statistical variations. 
This points out the need for a small compact source such as a pellet or 
needle. 
Radiation Detector 
The intensity of the beam of photons after it passes through the 
sample can be observed by means of a scintillation detector. A commonly 
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used detector consists of a sodium iodide crystal and a photoelectric tube 
surrounded by a thin light shielding container. When a photon strikes the 
sodium iodide crystal,, a light pulse with an intensity proportional to the 
photon's energy is emitted. The photoelectric tube converts this light 
pulse into an electrical signal. The magnitude of the signal will be pro-
portional to the energy of the photon. 
Rather than a scintillation crystal, gas filled tubes are often 
used to detect radiation intensities. When a photon strikes a molecule 
of gas in the tube, the gas is ionized and this causes an electrical dis-
charge to occur between two charged plates within the tube. This discharge 
provides an electrical signal which can be supplied to a counter. This 
type of detection device is often cheaper than a scintillation type detec-
tor. For the application being considered; the gas filled tube has two 
disadvantages, however. The detector has a low efficiency as many of 
the photons pass through the gas in the tube without a collision. There-
fore, to get the required number of recorded pulses, the beam intensity 
must be greater than in the case of a more efficient sensor. Secondly, 
the signal from the tube is not proportional to the energy of the photon 
triggering the signal. This makes it electronically impossible to sep-
arate for consideration those photons within a limited energy range. 
Being able to consider photons of a particular energy range greatly in-
creases the sensitivity of the count rate to moisture changes. 
Discriminator 
When a scintillation detector is used, a pulse height discrimina-
tor can be used to eliminate from consideration all photons except those 
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of a particular energy band, generally the primary emission energy of the 
source. The pulses from the scintillation detector are fed into the input 
of the discriminator. The discriminator observes these pulses and generates 
an output pulse for each input pulse of voltage magnitude such that it falls 
within the preset "window." The discrimination of photons with higher 
energy than this particular energy band eliminates high energy radiation 
from outer space as well as that from the source which might be of such 
high energy that it is not stopped by the shielding about the source. The 
discrimination of photons with lower energy than this particular band 
eliminates low energy background radiation and also eliminates pulses 
caused by products of photons which collided with a molecule of matter 
when passing through the sample. The products of collision are of lesser 
energy than the original photon. 
Counter 
The output of a pulse height discriminator is generally a train 
of constant amplitude pulses with one pulse corresponding to each discrimi-
nator input pulse that fell within the band of acceptance. The time spac-
ing between these pulses will be random, corresponding to the scintilla-
tion input. Due to the random spacing of the pulses, the response time 
of the counting and recording instrument must be considerably faster than 
if the instrument Counted evenly spaced pulses. The writer's experience 
has indicated a response time of one-sixtieth of that required for evenly 
spaced pulses works satisfactorily, 
Several types of counters may be used tc count the output pulses 
of the discriminator. If continuous readings are desired, a count rate 
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meter which continuously calculates and displays the count rate may be 
useful. One disadvantage of such a device is that it is difficult to ob-
tain a rate meter that has a scale sufficiently expanded to allow precise 
readings. 
If a digital counter is used to display the discriminator output; 
either a counter which counts for a preset time and then records the counts 
during this period, or a counter which counts a preset number of counts 
and displays the counting time may be used. Either method works satisfac-
torily provided the display from the counter can be read to enough signifi-
cant figures to make the readout error insignificant with respect to the 
change in count rate between wet and dry samples. 
Source 
The source used must emit the bulk of its photons at an energy 
level which gives appropriate penetration through the sample under study. 
The source intensity must be such that in this energy range the required 
number of photons are emitted to give an allowable statistical error, 
Two isotopes quite useful for measuring the moisture content of 
samples of textile, meat, sand, etc. are cobalt-6o and cesium-137* Both 
radioisotopes emit primarily at definite energy levels, cesium-137 at 
0.66l MeV and cobalt-60 at the two levels 1.17 and 1.33 MeV. Because of 
cesium-137's lower emission energy, it is ideal for thin or less dense 
materials. Both radioisotopes can be obtained in the necessary radiation 
quantity at a relatively low cost. Both isotopes have a half life (time 
to decay to one-half intensity), which is sufficiently long for most appli-
cations. Cobalt-60's half life is 5-27 years and cesium-137's is 33 years. 
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These decay rates are well known and the actual average intensity at any 
time can be easily computed from the original average intensity. Since 
neither isotope is a neutron emitter., there is no danger of activating the 
product. 
Hazards 
It should be pointed out that, due to the hazards involved, the 
Atomic Energy Commission requires that the user take certain precautions 
before purchasing or using appreciable quantities of radioactive materials. 
However, to make measurements, it is not necessary to remove the source 
from its container, and, therefore, very little special handling equipment 
is necessary once the initial source installation is made. Because the 
radiation beam is concentrated along one line, it is quite easy to mini-





Packages of yarn were dried and measurements were performed during 
drying to determine the drying characteristics. The temperature, mois-
ture content; and pressure at various points within the drying sample as 
well as the total weight of the sample were recorded during drying. Ex-
perimental tests were performed during the drying of yarn samples using 
convective hot air heating as well as microwave heating at 2^50 megacycles 
per second and 915 megacycles per second. The results of each of these 
types of heating is discussed separately in the following sections. The 
majority of the experiments were conducted using an 8 inch diameter, 
5-3/8 inch long sample of absorbent cotton. The results of experiments 
concerning other size samples and other types of yarns are discussed in 
separate; following sections. 
Graphs presenting the experimental results are dispersed through-
out this chapter. The run number corresponding to the particular experi-
mental test is given on each graph. Specific details concerning the 
sample, the oven, and the drying situation are given in tabular form by 
run number in Appendix A. A discussion of the precision of the various 
measurements and the possible errors in the data is presented in Appendix B 
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Convective Air Heating 
Although drying using convective hot air heating was not the pri-
mary concern of this research, some experiments were conducted so that 
data would be available for comparison with the identical yarn packages 
which were dried using microwave heating. 
Packages of bleached cotton yarn were wound in a cylindrical shape 
on a 7/8 inch diameter paper core. The packages thus formed had an out-
side diameter of 8 inches and a length of 5-3/8 inches. The total dry 
weight of the yarn was approximately 3-^ pounds. The samples were soaked 
in water for approximately twenty-four hours during which they absorbed 
approximately 6.8 pounds of water. They were then placed in a 12 inch 
diameter wind tunnel and dried by circulating 300°F air about the pack-
ages. (For a more detailed discussion of the dryer or the yarn package 
see Chapter V.) The temperature at several locations within the sample 
and the weight of the sample were recorded. 
The variation of total moisture content of the package as a func-
tion of drying time is shown in Figure 17. Using the information pre-
sented in Figure 17j it is possible to plot drying rate versus moisture 
content. This result is shown in Figure l8. These curves follow very 
o 
closely the results obtained by previous investigators examining drying 
using convective heating (see Chapter II). 
A plot of the temperature profile within the sample in the radial 
direction at fixed times is shown in Figure 19. The temperature of the 
inner portions of the sample remains lower than that of the surface, with 
the temperature rising rapidly in the layer near the surface. This cor-
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Conventional Heating--Run 40. 
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particular experimental data presented in Figure 19; the temperature of 
the center core of the sample is slightly higher than the temperature a 
short distance from the center. This temperature increase is because of 
energy addition at the center of the sample due to conduction along a 
metal rod which protruded through the center of the sample. The rod was 
used to support the sample within the wind tunnel. 
It is significant to note that it took over twenty-four hours to 
dry the sample using conventional heating. The temperature of the cir-
culating air was 300°F and, therefore, portions of the sample surface 
reached this temperature. Some surface discoloration of the cotton was 
observed due to overheating. The product damage could be reduced by 
lowering the air temperature but this would further slow the drying pro-
cess. 
Microwave Heating 
Packages of cotton yarn were dried using microwave heating. The 
temperature, moisture, and pressure at various positions within the 
package and the total weight of the package were measured during the dry-
ing process. 
The sample packages were prepared, as described in Chapter V, by 
winding the yarn on a j/d inch paper core. Some of the samples were 
wetted and dried with no further preparation, but the surface of some of 
the samples was sealed with plastic before wetting and drying. The plas-
tic was impervious to water and by sealing one or more surfaces it is 
possible to restrict the moisture flow to either the radial or axial di-
rection. The plastic has negligible effect on the microwave field pene-
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tration. The results of each of the flow situations, sides sealed, ends 
sealed, and unsealed, are presented individually in following sections. 
However, before discussing the specific characteristics of each type of 
sample, some of the general microwave drying characteristics of packages 
of textile yarn are presented in the following section. 
Characteristics of Microwave Drying 
The characteristics of drying using microwave heating are generally 
the same whether the sample is sealed or unsealed, absorbent or nonabsor-
bent, large or small. The parameters such as temperature, moisture con-
tent, pressure, and drying rate vary in a similar manner regardless of the 
type sample. The runs or experiments used as examples throughout this 
section represent several of the different type samples. For specific de-
tails concerning each run see Appendix A. 
Figure 20 shows a typical plot of the total moisture variation dur-
ing a drying process using microwave heating. A typical drying rate versus 
moisture content plot is shown in Figure 21. During the first portion of 
the drying process, the moisture content changes very slowly. Much of 
the moisture loss during this initial drying period is due to drainage of 
liquid water from the extremely wet sample. Samples with an initial mois-
ture content so low that there is very little drainage have an extremely 
low drying rate during this period. A graph of the total moisture content 
variation for a sample with a low initial moisture content is shown in Fig-
ure 22. 
This initial period has been designated as the "initial adjustment 
period." During this period, the temperature throughout the sample rises. 
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The temperature variation as a function of time at several locations along 
the axial direction is shown in Figure 23. These measurements were taken 
by thermometers inserted into the sample to a radius of 2-l/4 inches. The 
temperature variation at locations along the radial direction for the same 
sample whose moisture content variation is shown in Figures 20 and 21 is 
shown in Figure 2k. These measurements were taken spaced along a diameter, 
located axially 2-l/2 inches from the end of the sample. It can be seen 
from these figures that the temperature throughout the sample rises rapidly 
and steadily during approximately the first thirty minutes of drying. 
At the end of this initial adjustment period, the temperatures 
throughout the sample approach 210°F (the local boiling point of Atlanta 
tap water). As the temperatures approach 210°F, a rapid increase in the 
drying rate is sometimes observed for samples with a very high initial 
moisture content. The drying rate may become the largest rate occurring 
during the entire drying process. Liquid moisture is sometimes observed 
oozing from the sample. As the temperature of the sample approaches 210 °F, 
the vapor generation becomes so rapid that an internal pressure gradient 
is established within the sample. Liquid moisture may be blown from the 
sample by this pressure gradient. This liquid moisture is removed hydro-
dynamically rather than thermally. This writer has designated this period 
of drying as the "liquid movement period." Such a period was observed 
only when the samples had a high initial moisture content, over 200 per-
cent. Drier samples, as demonstrated by Figure 22, do not exhibit a 
liquid movement period. 
As drying proceeds, the amount of liquid water within the sample 
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moisture movement becomes primarily a movement of water vapor. The tem-
perature throughout the sample becomes and remains at the local water 
boiling temperature. Since the moisture is vaporized before leaving the 
sample, the drying rate is proportional to the vaporization rate and is, 
therefore, proportional to the energy input to the sample. The microwave 
energy output of the oven remains relatively constant throughout the dry-
ing process and, therefore, the drying rate during this period remains 
constant. This period of drying has been designated as the "constant rate 
period." For samples dried in the 2̂ -50 megacycles per second oven, the 
drying rate was between 1-75 and 2.0 pounds of water per hour, regardless 
of sample size or type. If all of the moisture is vaporized before leav-
ing the product, the required energy rate to vaporize this moisture is 
between 0.50 and O.57 kilowatts. 
Near the end of the drying process some portions of the sample be-
come dry, while others remain slightly wet. The drying rate tends to 
fall off. If microwave energy is added to the sample at a rapid rate, the 
temperature of the dry portions of the sample may rise. This period of 
drying has been designated as the "falling rate period," 
A comparison can be made between the drying rate curve, using con-
ventional heating, Figure 18, and the.drying rate curve using microwave 
heating, Figure 21. An Initial adjustment period is common to drying 
with either type of heating. At the end of the initial adjustment period, 
the drying process using microwave heating may exhibit a "liquid movement 
period." No corresponding period exists when using conventional heating. 
Drying processes with either type of heating exhibit a constant rate 
period. With microwave heating, the constant rate period comprises the 
l4l 
majority of the drying process. The critical moisture content (i.e., mois-
ture content at the end of the constant rate period) is much lower than it 
is when conventional heating is used. Consequently, with microwave heat-
ing, the falling rate period is much shorter than the falling rate period 
with conventional heating. 
Typical temperature profiles within the drying samples at selected 
times are shown in Figures 2^ and 26. Figure 25 shows the temperature 
variation along the axial direction. The temperature was measured by 
several thermometers spaced along the axial direction each inserted to a 
radius of approximately 2-1/4- inches. Figure 26 shows the temperature 
profiles in the radial direction. The thermometer bulbs were spaced along 
a sample diameter, positioned axially at 2-l/2 inches from one end of the 
sample. The figures demonstrate the uniformity of the temperature through-
out the sample during the majority of the drying process. During the ini-
tial warm up period, some temperature variation exists throughout the 
sample but once the sample reaches 210°F, the temperature distribution 
throughout the sample remains uniform. 
It is significant to note that there is no large temperature gradient 
throughout the sample. The heat conduction that does occur takes place 
from the inner portions of the sample to the surface5which is cooled by the 
cool atmosphere in the oven. Measurements of the sample surface tempera-
ture showed that there was a considerable temperature gradient near the 
surface. The depth beneath the surface at which the temperature remained 
substantially less than the sample center temperature (210°F) varied quite 
arbitrarily during drying and was strongly affected by movements of the 
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Figure 25. Temperature P r o f i l e s Along the Axial D i r ec t ion a t a Radius 
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extended beyond l/k inch below the surface. Measurements of the surface 
temperature showed that the surface heated at a rate similar to the inner 
portions until a surface temperature of approximately 1^0°F was reached. 
The surface temperature then remained in the neighborhood of 155°F through-
out the remainder of the drying process. A variation of 10°F was found in 
measurements at different locations along the surface. A 10°F variation 
was also observed at the same location at different times. 
The pressure variation inside the sample as a function of time is 
shown in Figure 27. This particular graph presents the pressure varia-
tion at several different radial locations for a sample with the ends 
sealed (i.e., radial moisture flow). The pressure throughout the sample 
remains nearly atmospheric throughout the initial adjustment period. At 
the end of the initial adjustment period, as the temperature of portions 
of the sample approaches 210°F, a sharp rise in the pressure is observed. 
This period where the pressure rises very rapidly corresponds in time to 
the start of the liquid movement period. The pressure throughout the 
sample reaches a peak, and then starts to decrease as drying continues. 
The positions of highest pressure occur at the center of the sample. As 
the sample dries and the permeability increases, the pressure at all loca-
tions within the sample continuously decreases. 
A plot of the pressure profiles in the radial direction, shown in 
Figure 28, demonstrates that the highest pressure within the sample at 
any time occurs at the center of the sample. The pressure profile along 
the direction of moisture flow tends to be parabolic throughout the drying 
process. 
The local moisture variation within the sample at selected loca-
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Figure 27. P ressure Var i a t ion a t Several Radial Locat ions for Radial 
Moisture Flow, Ends Sealed — Run 52. 
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Figure 28 Pressure Profiles in the Radial (Flow) Direction at Fixed 
Times, Ends Sealed--Run 52. 4>> 
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tions is shown in Figure 29. The local moisture content curves demonstrate 
the same periods of drying, initial adjustment, constant rate, etc. as does 
the total moisture content curve (Figure 20). 
It is significant that the sample dries uniformly, i.e., the center 
dries as rapidly as does the surface. The moisture content remains uni-
form throughout the drying process. Figure 30 shows the moisture content 
variation along the axial dimension of an unsealed sample at selected times. 
To obtain these measurements the gamma ray beam was made to shine through 
the sample along a diameter line. Each measurement represents the average 
moisture content along the line. Measurements taken in the opposite direc-
tion, demonstrating the moisture uniformity in the radial direction, are 
plotted in Figure 31> Both of the test samples whose moisture content 
are described in Figures 30 and 31 are unsealed samples, thus the moisture 
diffusion could occur in both the axial and radial directions. It can be 
seen from these figures that throughout the drying process negligible mois-
ture content gradients exist in either direction. 
Although all samples, sealed, unsealed, large, small, absorbent, 
nonabsorbent, etc. had similar drying characteristics, each of these type 
samples was examined individually. The next sections of this chapter are 
devoted to presenting the results of each of these special situations. 
Sealed Circumference, Axial Flow 
The circumference of cylindrical packages of yarn, 8 inches in 
diameter and 5-3/8 inches long, was sealed with plastic so that the mois-
ture movement was restricted to axial flow. Such a moisture flow pattern 
would be typical of a cylinder with a large diameter-to-length ratio or 
Figure 29 
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a semi-infinite slab of material. The samples were soaked in water and 
dried in the 24-50 megacycles per second even. The typical variation of 
the total moisture content during drying is shown in Figure 32. It was 
found that the drying rate during liquid movement period of drying tended 
to be larger for circumference-sealed samples than for ends sealed or 
unsealed samples. - Because of the large amount of moisture removed in 
liquid form during this period; the total drying time for this type of 
sample tended to be less than that for a similar size but unsealed sample. 
As was pointed out previously, the liquid movement period exists only for 
very wet samples. Circumference-sealed samples that had a low initial 
moisture content did not exhibit a liquid movement period. 
A typical plot of the temperature at various locations along the 
axial flow direction is shown in Figure 23« The temperature of the sample 
was found to rise rather uniformly until it reached approximately 210°F. 
The temperature at all points within the sample remained at or near 210°F 
during most of the drying process. Near the end of drying, the tempera-
ture of some parts of the sample rose rapidly. 
The moisture content variation at specified locations along the 
flow axis is shown in Figure 33* After an initial adjustment period at 
the beginning of the drying process, the moisture content of all portions 
of the sample decreases at a nearly constant rate until near the end of 
the drying process. 
The temperature and moisture content variations between locations 
within the sample can be shown by plotting profile curves. Figure 3^ is 
a plot of the temperature profile along the axial direction at a radius 
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Figure 33. Moisture Content Variation at Selected Locations Along the 
Axial (Flow) Direction, Circumference Sealed—Run 33. Ln 
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Figure 34. Temperature Profiles Along the Axial (Flow) Direction at Fixed 
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diameter of the sample 2-l/2 inches from the end of the sample. It is 
observed that the temperature profiles are flat during the majority of 
the drying process. Towards the end of drying, during the falling rate 
period, the temperature at positions along the axial core tends to rise 
above the temperature of the surface. 
Moisture content profiles along the axial (moisture flow) direc-
tion are shown in Figure 35* This figure demonstrates that there is no 
significant moisture gradient in the flow direction. The uniformity of 
the moisture content in a direction perpendicular to the flow (radial 
direction) is demonstrated by Figure 36" which is a plot of moisture pro-
files along a sample diameter. Figures 35 and 36 demonstrate that, for 
circumferencially sealed samples, the moisture content is relatively uni-
form throughout the entire sample during the majority of the drying pro-
cess. However, toward the end of drying, 'the circumferential layer near 
the sealed surface tends to dry slightly slower than the center of the 
sample. As mentioned previously, the axial center temperatures become 
higher than the surface temperatures and the drying rate falls off. 
During the first 15 to 20 minutes of heating, the pressure inside 
the sample remains essentially equal to the surrounding atmospheric pres-
sure. After approximately 20 to 30 minutes of heating the pressure through-
out the sample rises rapidly. The pressure at various positions along the 
flow axis is plotted in Figure 37* The sudden rise in pressure occurs at 
the time when the temperatures within the sample reach 210°F (the local 
boiling temperature). 
Figure 38 shows the pressure profile along the direction of flow 
at selected times. Throughout the drying process the pressure profile 
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Figure 36. Moisture Content Profiles Along a Diameter Perpendicular to the 
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remains parabolic in shape with the highest pressure at the axial center 
of the sample. During the constant drying rate period, the overall magni-
tude of the pressure profile shifts downward as drying proceeds and the 
permeability of the sample increases. 
Ends Sealed, Radial Flow 
The ends of 8 inch diameter, 5-3/6 inches long cylindrical packages 
of absorbent cotton yarn were sealed with plastic. The moisture flow was 
thus restricted to the radial direction only. The samples were wetted 
and placed in the 2̂ -50 megacycles per second oven and dried. A typical 
plot of the total moisture content variation is shown in Figure 20 and 
the corresponding drying rate curve in Figure 21. The temperature varia-
tion with drying time at several locations along the direction of moisture 
flow (radial direction) and 2-l/2 inches from the end of the sample is 
shown in Figure 2k. The temperature profiles along the flow direction at 
selected times can be observed from. Figure 39; which presents temperature 
versus radial position. The temperature profiles in the axial direction 
are shown in Figure kO. During the majority of the drying process, the 
temperature throughout the sample is nearly uniform at 210°F. Near the 
end of the drying, the portion of the sample along the center core tends 
to dry first and the center core temperature becomes higher than the sur-
face temperature. 
The variation of the pressure at different radial locations is 
shown in Figure 27. A cross plot showing the typical pressure profiles 
in the direction of moisture flow is presented in Figure 28. The pressure 
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sample. A larger pressure gradient is observed for samples with the ends 
sealed than for circumferentially sealed samples. This is reasonable as 
the maximum distance of moisture flow in the radial direction is 3-l/2 
inches while the maximum distance of moisture flow in the axial direction 
is 2-5/8 inches. Considering similar vapor generation rates and similar 
permeabilities, the radial flow situation would thus require a larger pres-
sure drop to maintain the same flow rate. 
The variation of moisture content at several radial positions is 
shown in Figure 29. A cross plot showing the moisture profiles along the 
radial flow direction is shown in Figure kl. There is no significant mois-
ture gradient along the radial flow direction. The moisture profile in 
the axial direction is shown in Figure k2. This graph demonstrates that 
the moisture is also uniform in the direction perpendicular to moisture 
flow. 
Unsealed Samples, Axial and Radial Flow 
Samples 8 inches in diameter and 5-3/8 inches long of absorbent 
cotton yarn were wetted and dried in the 24^0 megacycles per second oven. 
None of the samples' surfaces was sealed with plastic. The typical varia-
tion of the total moisture content during drying is shown in Figure 42. 
When the initial moisture content of the sample is very high (over 200 
percent), the initial adjustment period in the drying rate is quite short. 
It seems possible that much of the moisture loss during the initial ad-
justment period is primarily liquid water draining from the sample. When 
the sample has a lower initial moisture content, a more pronounced initial 
adjustment period is observed. 
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Generally; for unsealed samples, either a short liquid movement 
period or no liquid movement period is observed, regardless of initial 
moisture content. It is felt that the pressure buildup inside the sample 
is not sufficient to "blow" an appreciable amount of water from the sample. 
During this research, the rate of vapor generation was limited by the 
fixed energy output of the microwave ovens. It is possible that a more 
predominant liquid movement period would be observed if the sample were 
heated more rapidly. 
Although a larger output microwave oven might have allowed even 
more rapid drying of the sample., it is interesting to compare the drying 
time between microwave and conventional heating. Figures 17 and k3 re-
present the total moisture content variation for identical samples, one 
using conventional heating and one using microwave heating. The drying 
time with conventional heating was over 2k hours, while the drying time 
with microwave heating was less than 3-1/2 hours. 
The temperature profiles in the axial and radial direction are 
shown in Figures 25 and kk. It is observed that the temperature is 
generally uniform throughout the sample during the majority of the dry-
ing process. The moisture profiles within the sample are presented in 
Figures 30 and 31- The curves demonstrate that the moisture content 
throughout the sample is also generally uniform, i.e., no moisture gra-
dients. 
Nonabsorbent Sample 
The majority of the samples dried were absorbent cotton yarn. In 
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some samples of nonabsorbent yarn were dried. Samples 8 inches in diameter 
and 5-3/8 inches long,, were wound from unbleached, nonabsorbent yarn. The 
samples were submerged in water and soaked for several days and then dried 
in the 2̂ -50 megacycles per second oven. Since the yarn was nonabsorbent, 
it was difficult to wet the sample uniformly throughout. Complete uni-
formity could not be obtained even after seven days of soaking. 
A typical variation of the total moisture content throughout the 
drying process is shown in Figure k-cj>. A comparison shows that this is 
quite similar to the moisture content variation for a partially wet absor-
bent cotton sample (Figure 22). Typical temperature profiles throughout 
a nonabsorbent sample are shown in Figure KG. It is seen that like absor-
bent cotton samples, the temperature throughout the nonabsorbent sample 
was relatively constant and uniform during most of the drying process. 
The moisture content profiles measured along the radial direction are 
shown in Figure 4-7• The difficulty in obtaining initial moisture uni-
formity is demonstrated by the profile at zero drying time. The outer 
layers of the sample were substantially wetter than the center. As the 
sample was heated however, the moisture content became more uniform. After 
about 30 minutes of drying (after the sample reached a uniform 210°F), the 
moisture content profile became relatively flat. It is interesting to ob-
serve that some portions of the sample got wetter during the initial ad-
justment period. It can be observed from the temperature profile graph, 
Figure k-6, that the layers of the sample at approximately 2-l/2 inches 
radius were the first to heat to 210°F. Evidently the pressure buildup 
due to rapid vaporization in these layers forced some moisture toward the 
center of the sample. Once the moisture content became uniform, it re-
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mained uniform throughout the remainder of the drying process. 
915 Megacycles per Second Oven 
Samples of absorbent and nonabsorbent cotton yarn were wound in 
cylindrical shape, 8 inches in diameter and 2-1/2 inches long. Some 
samples were sealed on the ends and some were left unsealed. The samples 
were wetted and dried in the 915 megacycles per second oven. The varia-
tion of total moisture content, temperature, and pressure was found to be 
similar to variation in the same properties observed during drying with 
the 2̂ -50 megacycles per second oven. When a wet sample was placed in the 
oven, the temperature throughout the sample would rise rather uniformly 
until reaching 210°F. The temperature throughout the sample would then 
remain at this temperature for some portion of the drying process. After 
some period of drying, hot spots began to occur throughout the sample. 
The average moisture content when the hot spots first occurred was higher 
when the sample was heated in the 915 megacycles per second oven than 
when heated in the 2^50 megacycles per second oven. Because of the occur-
rence of these hot spots, it was difficult to dry the sample to as low an 
average moisture content without causing product damage. 
The microwave field in the 915 megacycles per second oven was quite 
nonuniform. When beakers of water were dispersed about the oven, some ab-
sorbed considerably more energy than others. It is felt that this field 
nonuniformity might account for the heating nonuniformity. 
Because of the geometry of the 915 megacycles per second oven, it 
was not possible to measure the local moisture within the sample while 
the sample was in the oven. It was possible to get some information con-
m 
cerning the moisture distribution, by removing the sample from the oven and 
quickly placing it in the path of the gamma ray beam and measuring the 
moisture content. Such measurements showed that the moisture content of 
the sample remained quite uniform until hot spots began to occur. In the 
neighborhood of the hot spots, the local moisture content approached zero. 
Effect of Sample Size 
The effect of sample size on the drying characteristics was examined 
by drying several different size samples. The majority of the tests were 
conducted using a sample size of 8 inches in diameter and 5-3/8 inches 
long. Some tests were conducted with a similar diameter sample but 2-l/2 
inches long, and others with a sample 6-3/8 inches in diameter and k-l/k 
inches long. No variation in the drying characteristics between large and 
small samples was found. The measured parameters such as temperature, 
pressure, and moisture content all varied in a similar manner. As an ex-
ample of this, observe Figure h-Q which plots the variation in total mois-
ture content and Figure K$ which shows the temperature variation for a 
6-3/8 inches diameter sample. The shape of both of these curves is the 
same as those observed for larger samples, Figures lj-3 sad 23* The drying 
time for smaller samples was less than the drying time for larger samples 
because there was less moisture to be removed. The drying rate during 
the constant rate period, was nearly the same for all sample sizes. 
The ends of some of the 8 inches diameter and 2-l/2 inches long 
samples were coated with plastic, restricting the moisture to radial flow. 
The pressure distribution in the direction of moisture flow was found to 
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when drying longer length samples. However, the pressure at the center 
of the shorter sample was higher than that typical of longer samples, i.e., 
the pressure gradient was steeper. This is reasonable since the vapor 
generation rate is the same for both size samples. The vapor flow area 
is greater in the larger sample and, therefore, a lesser pressure gradient 
is required to maintain the same flow rate. 
Damage Due to Overheating 
Near the end of the drying process, the temperature of some portions 
of the product rises above 210°F. The hot spots are often quite localized 
and the position of these hot spots varies from sample to sample. Gener-
ally, the hottest points within the sample are located l-l/2 to 2-l/2 
inches beneath the sample surface. 
If the heating is continued after the hot spots appear, the tempera-
ture at some locations will pass the combustion temperature for the tex-
tile. Internal burning then occurs. A photograph showing the effect of 
continued heating of the sample after it has become dry is shown in Fig-
ure 50° When the sample was removed from the oven and cut apart, the 
burned spot shown in the photograph was found to be l-l/2 inches from 
the circumferential surface and 2 inches from the end of the sample. This 
was the only burned spot found in this sample. Many of the samples dried 
in the microwave ovens were cut apart to check for internal product dam-
age. No product damage was observed unless an attempt was made to con-
tinue to heat samples after hot spots had occurred. In the 2^50 mega-
cycles per second oven, hot spots never occurred unless the average moisture 
content of the sample was less than 15 percent. Sometimes the samples would 
Figure 50. Burned Spot Found Inside the Sample. Microwave Heating was 




dry to nearly zero moisture content without the appearance of hot spots. 
After slight hot spots did occur., it was found that drying could safely 
be continued without product damage if the average energy input to the 
oven was reduced. The reduction in the average energy input can be ac-
complished by turning off the microwave generator for short periods. 
It is believed that the hot spots represent portions of the sample 
which become dry before the entire sample dries. Recall from Chapter III, 
however, that dry cotton will generally absorb less microwave energy than 
will wet cotton because of the lower loss factor of dry cotton. In spite 
of the tendency to absorb less energy, the dry cotton overheats. It is 
possible to make a rough comparison of the tendency of the dry cotton to 
increase in temperature by comparing the amount of energy required to 
vaporize a pound of water from a wet portion of the sample with the amount 
of energy required to increase the temperature of a one pound dry portion 
100°F. To vaporize, the water would require an energy absorption of nearly 
1, 000 Btu but to heat the cotton would require only 10 Btu. The dry cot-
ton does absorb some energy, even though it absorbs less than the wet 
portions of the sample. The slight energy absorption of the dry cotton 
causes an appreciable increase in temperature. 
Internal Microwave Attenuation 
Except for extremely wet samples during the initial warm-up period, 
no effect was observed due to attenuation of the microwave field as the 
field penetrates the sample. The calculations of penetration depth pre-
sented in Chapter III suggest that the microwave field at the center of a 
very wet sample would be substantially attenuated by the wet outer layer. 
For an 8 inch diameter, 5 inch long sample, some portions of the sample 
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are 2-l/2 inches from the nearest surface. The attenuation effect should 
be more predominant in the 2̂4-50 megacycles per second oven than in the 
longer wavelength 915 megacycles per second oven. One possible reason 
that no nonuniform heating due to attenuation was observed in either oven 
is because heat conduction tended tc cancel the effect of nonuniform heat-
ing . The steady state temperature distribution in a sample cooled at the 
surface with internal heat generation (uniform or nonuniform) would be 
highest at the center of the sample. Another factor which might account 
for some of the discrepancy between calculated and measured penetration 
depths is that in making the calculations for a wet sample, the sample was 
assumed to be a continuous uniform media with a microwave attenuation 
factor similar to that of liquid water except reduced by the fact that 
the product is only partially water. In actuality the water, which comprises 
most of the load, is not continuous but is dispersed with different drop-
lets separated by cotton fibers. Little information has been published 
concerning the electromagnetic properties of such a dispersed liquid water 
load and the possibility exists that the dispersed water has electromag-
netic properties considerably different from those of a liquid water con-
tinuum. Also it should be kept in mind, that because of limitations in 
the available oven sizes, the largest sample that could be examined in 
this research was 8 inches in diameter and 5~3/8 inches long. Larger 
samples might exhibit an attenuation effect. Although the reasons are not 
clear, it is significant to note that samples at least 8 inches in diameter 




DISCUSSION OF RESULTS M D CONCLUSIONS 
Comparison of Analytical and Experimental Results 
A set of partial differential equations which describe the tempera-
ture, pressure, and moisture variation throughout the sample is derived in 
Chapter IV. If these equations could be solved taking into account the 
time variation and spatial variation of the sample's properties, which are 
contained in the coefficients of the equations, and also the variation in 
the boundary conditions, the obtained solutions will predict the temper-
ature, pressure, and moisture variation throughout the sample during the 
entire drying process. Because of the mathematical elaborateness of the 
partial differential equations and because of the lack of information con-
cerning sample properties, these equations, in complete form, have not been 
solved. However, during drying with microwave heating, the constant rate 
period comprises the majority of the drying process. The results of the 
experimental investigation, discussed in Chapter VII, suggest that during 
this period of drying it is reasonable to make several assumptions which 
greatly simplify the set of partial differential equations. In particu-
lar it was found experimentally that during the constant rate period of 
drying the temperature remains constant with respect to time and space 
and the moisture content remains uniform throughout the sample. Also, 
as is indicated by the name of this drying period, the drying rate is 
constant. 
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The application of these assumptions to the equations is discussed 
in Chapter IV. The simplified equations resulting are solved. The solu-
tions prescribe that the pressure profile in the moisture flow direction 
should be parabolic, with the highest pressure at the center of the sample 
Also the magnitude of the pressure is an inverse function of the permea-
bility of the sample which increases as drying proceeds. Therefore the 
solutions predict a pressure profile which remains parabolic but contin-
ually reduces (flattens out) as the drying time increases. Experiments 
measuring the pressure profile for both axial flow (Figure 38) and radial 
flow (Figure 28) showed that this prediction corresponds with the physical 
situation. 
A valuable prediction of the analytical investigation is that the 
constant drying rate is proportional to the energy output of the microwave 
oven, which was relatively constant during this research. The analytical 
solutions suggest that the constant of proportionality is the latent heat 
of vaporization of the water and that all the moisture movement during 
the constant rate period is the movement of moisture in the vapor state. 
Because of the lack of available instrumentation it was not possible to 
measure the microwave energy output of the oven during each of the drying 
runs. However the typical energy output could be determined by heating a 
known amount of water in a beaker and observing the amount of energy 
absorbed by this water. Such experiments indicated that in the 2^50 mc/s 
oven the water in the beaker would absorb energy at between O.52 and O.56 
kilowatts, depending upon the amount of water in the beakers and the. beak-
ers' positions in the oven. Such an energy rate could vaporize 1.8 to 1-9 
pounds of water per hour. As pointed out in Chapter VII, the drying rate 
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during the constant rate period for all types of samples was between 1-75 
and 2.0 pounds of water per hour. The correspondence between predicted 
and measured drying rate is quite good. The variation in the measured 
drying rate between different samples could be due to a variation in the 
energy output of the microwave generating tube, since the output of the 
microwave generator is somewhat a function of the electromagnetic coupling 
between the load (drying sample) and the generator and different samples 
present slightly different load characteristics. 
Summary of External Characteristics 
The characteristics of drying using microwave heating are consid-
erably different from the characteristics of using conventional heating. 
The atmosphere surrounding the sample during drying using microwave heating 
need not be heated or conditioned. The oven walls do not heat and radiate 
energy to the surroundings. However, special precautions must be taken to 
contain the microwave energy to insure that leakage causes no danger to 
either personnel or communications facilities. 
The drying rate can be much faster using microwave heating than is 
possible using conventional heating. This is perhaps the most significant 
advantage of using microwave heating. During this research, samples were 
dried in minutes which, if dried using convective hot air heating, would 
have taken over 100 hours to dry. The drying rate using conventional 
heating is limited by the maximum surface temperature the product can with-
stand before product damage occurs. During drying using microwave heating, 
the drying rate is dependent upon the energy input to the sample. Theo-
retically, the sample could be dried extremely fast by increasing the micro-
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wave energy output of the oven. This writer feels that the drying rate 
could be increased by several orders of magnitude over the drying rate 
used in this research. Because of limitations in available microwave ovens 
no attempt was made during this research to investigate the maximum drying 
rate or the factors establishing such a maximum. Such an investigation 
would make an interesting continuation of this research. 
The drying rate curve for drying using microwave heating is sub-
stantially different from that using conventional heating. The drying 
rate during the initial adjustment period is less than the constant rate 
period while it is generally greater when using conventional heating. The 
liquid movement period is unique to drying using microwave heating. No 
corresponding period exists during drying using conventional heating. 
The constant rate period extends tc a much lower average moisture content 
and the falling rate period is thus quite short. 
Summary of Internal Characteristics 
A unique characteristic of drying using microwave heating is that 
the moisture content tends to remain uniform throughout the drying process, 
i.e.., the center of the sample dries as rapidly as the surface. As dis-
cussed in Chapter VTI, when a nonabsorbent sample with a nonuniform initial 
moisture profile was heated in the oven, the moisture content became uniform 
and remained uniform throughout the majority of the drying process. Simi-
larly, no large temperature gradients exist within the sample except for the 
gradient in the thin surface layer. During drying using conventional heat-
ing, the potential of energy transfer is the large temperature gradient 
which causes heat conduction from the hot surface to the cooler inner por-
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tions. Similarly, the potential of moisture flow is the moisture gradient 
which exists "between the wet inner portions and the drier surface. During 
drying using microwave heating, the mechanism of energy transfer is primar-
ily internal heat generation. The potential of moisture flow is primarily 
the total pressure gradient which is established due to the rapid vapor 
generation inside the sample. The drying rate can "be increased by increas-
ing the vaporization rate and the pressure gradient will increase correspond-
ingly, adjusting for a higher moisture flow rate. Theoretically it is possi-
ble to increase the vaporization rate until the pressure forces inside the 
sample become so large that they exceed the strength of the sample. 
During drying with microwave heating the majority of the moisture is 
vaporized before leaving the sample. However, when the sample is initially 
very wet and the pressure inside the sample rises rapidly, liquid moisture 
may be "blown" from the sample. The more moisture removed in liquid form, 
the less energy which is required to dry the sample. A more detailed study 
of the liquid movement period of drying is suggested as an interesting ex-
tension of this research. 
Future of Microwave Heating 
The use of microwave heating for drying processes, has-, the .great 
advantage of potentially increasing the drying rate. The concept of being 
able to dry materials at a rapid rate allows the visualization of many 
innovations in many fields of manufacturing and processing. As an example, 
consider the potential advantage of: the drying of lumber as it is sawed 
rather than in a drying shed; the drying of grains such as corn or peanuts 
as they are picked; the rapid drying of household laundry; the rapid freeze 
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drying and dehydration of food products; the rapid drying of textiles or 
paper during processing. There are a tremendous number of situations where 
the delay in drying causes considerable delay in the processing of the prod-
uct and consequently greatly increases the handling and storage problems. 
However; it is not likely that in the near future microwave heating will be 
used for all of these drying applications. As pointed out in Chapter III, 
microwave heating is expensive* Both equipment costs and fuel costs are 
high. Also as indicated by the sample with the internal burned area shown 
in Figure ^0, microwave heating must be applied with caution. There are 
special design considerations which make the application of microwave heat-
ing difficult. However for certain applications, the economic or con-
venience advantages accompanying an increased drying rate may justify the 
development and operating costs of microwave heating. As the electronic 
technology grows, the microwave generating equipment is becoming less 
expensive and more efficient to operate. As more is learned about the 
drying processes, dryers can be constructed which operate at the most 
efficient energy level. Each of these advances reduces the overall cost 
of microwave heating. This writer believes that within the next few 
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1 absorb. none none 3 - 3A X 4 2.80 0 .0 Wicking 
2 nonabs. ends 915 6 X 2-1/2 O.96 0.34 T 
3 nonabs. ends 915 8 X 2-1/2 I .85 0.48 T W 
4 nonabs. none none 8 X 2-1/2 1.75 0 .0 Wicking 
5 absorb. none none 8- 1/2 X 4 2 . 8 0 . 0 Wicking 
6 nonabs. none 915 8 X 2-1/2 1.72 0.31 T M 
7 nonab. ends 915' 8 X 2-1/2 2 . 0 0.20 P 
8 absorb. none 2̂ 4-50 8 X 2-1/2 1.70 2.05 T W 
9 absorb. none 2450 8 X 2-1/2 1-75 1.90 T 
10 absorb. ends 2^50 8 X 2-1/2 1.71 1.84 T 
11 absorb. none • 2450 8 X 2-1/2 2.09 1.62 T W 
12 absorb. none 2^50 8 X 2-1/2 1.71 I .87 T W M 
13 absorb. ends 2^50 8 X 2-1/2 2.09 I .65 T W M 
l 4 absorb. ends 2450 8 X 2-1/2 2.10 1.62 T M 
15 absorb. ends 2450 8 X 2-1/2 1.97 1.42 T 
16 absorb. ends 2450 8 X 2-1/2 1.97 1.32 T M 
17 absorb. ends 2450 8 X 2-1/2 2 . 1 1.19 M 
18 absorb. circum. 2450 7- 7 /8 X 5-3/8 3-46 1.91 T M 
19 absorb. ends 2450 9 X 2-1/2 2.10 1.91 M P 
20 absorb. circum. 2450 7- 7 /8 X 5-3/8 3-79 1.30 T W M 
21 absorb. ends 2450 9 X 2-1/2 2.56 1.45 W M P 
22 absorb. circum. 2450 7- 7 /8 X 5-3/8 3.06 1.93 T W M 
T = Temperature; W = Weight; M * Local Moisture Content; P = Pressure 
**Moisture content measured as lb water per lb dry cotton 
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Tab le : >. Tab l e of Runs 























































































































































23 a b s o r b . c i rcurn, 2450 7-7/8 X 5 - 3 / 8 3-32 2 . 0 1 T W M 
24 a b s o r b . ends 24^0 9 X 2 - 1 / 2 2 . 1 0 1 .91 W P 
25 a b s o r b . ends 2450 7-7/8 X 5 - 3 / 8 3 . 2 1 2 . 3 6 T M 
27 a b s o r b . ends 2450 8 X 2 - 1 / 2 2 . 1 0 1.80 P 
28 a b s o r b . ends 2^-50 7-7/8 X 5 - 3 / 8 3*22 2 . 3 4 T W 
29 a b s o r b . c i rcurn. 2^50 7-7/8 X 5 - 3 / 8 3 .32 1.99 T W M 
31 a b s o r b . c i rcurn, 2^50 7-7/8 X 5 - 3 / 8 3 .06 1.97 T W M 
32 a b s o r b o ends 2450 7-7/8 X 5 - 3 / 8 3 .24 2 , 1 8 T W M 
33 a b s o r b . c i rcurn . 2450 7-7/8 X 5 - 3 / 8 3 .25 2 . 1 2 T W M 
34 a b s o r b . none 2450 7-7/8 X 5 - 3 / 8 3*24 2 . 2 4 T W M 
35 a b s o r b . c i rcurn. 2450 7-7/8 X 5 - 3 / 8 3 .25 2 . 1 4 T W M 
36 a b s o r b . none 2450 7-7/8 X 5 - 3 / 8 3 .20 2 . 3 0 T W M 
37 a b s o r b . none 2450 6-3/8 X 4 - l / 4 1 .63 2 . 1 4 T W M 
38 a b s o r b . none 2450 7-7/8 X 5 - 3 / 8 3 .20 2 . 2 3 T W M 
39 a b s o r b . none 2^50 6-3/8 X 4 - 1 / 4 1.72 2 . 1 1 T W M 
4o absorbo none conven . 7-7/8 X 5 - 3 / 8 3 .38 2 . 1 0 T W 
4 l a b s o r b . ends 2450 7-7/8 X 5 - 3 / 8 3 .10 2 .15 W P 
42 absorbo none conven . 7-7/8 X 5 - 3 / 8 3 .15 2 . 3 5 T W 
46 a b s o r b . circurn <= 2450 7-7/8 X 5 - 3 / 8 3 .32 2 , 4 9 W P 
^7 a b s o r b . c i rcurn. 2450 7-7/8 X 5 - 3 / 8 3 .32 2 . 4 6 W P 
48 n o n a b s . none 2450 7-7/8 X 5 - 3 / 8 3 . 4 7 1 .21 T W M 
h9 a b s o r b . none 2450 7-7/8 X 5 - 3 / 8 3-24 1.67 T W 
50 a b s o r b . ends 2^50 7-7/8 X 5 - 3 / 8 3 .42 2 . 0 0 W P 
51 a b s o r b . ends 2450 7-7/8 X 5 - 3 / 8 3 .42 1*98 T WP 
52 a b s o r b . ends 2^50 7-7/8 X 5 - 3 / 8 3 .42 2 . 0 0 T W P 
53 a b s o r b . ends 2450 7-7/8 X 5 - 3 / 8 3 .42 2 . 0 0 T W P 
5^ a b s o r b , circunic 2450 7-7/8 X 5 - 3 / 8 3 .37 2 . 1 0 T W P 
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APPENDIX B 





The majority of the temperature measurements made inside the drying 
sample were made using alcohol™in-glass thermometers. The thermometers 
have a scale range of 0 to 220°F with 2°F divisions. Through individual 
calibration, the temperature scale can be extended to 250°F. After cali-
bration, an accuracy of one-half of a division or ± 1°F can be expected. 
While thermometers are in the oven, they are difficult to read. The maxi-
mum expected readout error is one division or ± 2°F. An overall thermo-
meter and readout accuracy was ± 3°E. 
The thermometers are designed for full immersion. They were gen-
erally inserted between 1-3/̂ - and 2-l/2 inches. During the majority of 
the drying process, the temperature of the sample was in the neighborhood 
of 210°F, while the oven atmosphere surrounding the thermometer stem could 
vary from 210°F to as low as 80°F. In order to make a correction for im-
mersion depth; it is necessary to know the temperature of the atmosphere 
surrounding the stem. The temperature of this surrounding atmosphere 
varied considerably depending upon the thermometer's position with re-
spect to the scavenging air flow. It is believed that the temperature 
on the down-wind side of the sample (which was the front side of the oven) 
would approach 200°F, while the temperature of the oven atmosphere, di-
rectly in line with the inlet flow stream (which entered the back of the 
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oven), would approach the inlet air temperature, 80°F. Because of the ran-
domness of the air flow pattern, it was not possible to develop a reason-
able stem correction procedure. In order to obtain an estimate of how 
significant stem errors could be, two adjacent thermometers were inserted 
into the sample. One thermometer stem was wrapped with wet textile which 
heated similarly to the sample. A maximum temperature variation of 5°F 
was found between the wrapped and unwrapped thermometers. This was the 
maximum observed variation with the typical variation less than this. The 
amount of variation was dependent not only upon the location of the stems 
with respect to scavenging air flow but also was affected by how rapidly 
the sample was drying. During the liquid movement period when much liquid 
and vapor are oozing from the sample, the stem was apparently heated by 
this exiting moisture. 
Because of the random nature of the effect of the exposed stem, 
no correction was made for insertion depth in any of the data reported. 
In all instances, the scavenging air flow rate was from the back of the 
sample towards the front of the sample. The error due to stem cooling 
might account for the slightly lower temperatures sometimes recorded near 
the back of the sample. 
In order to understand the drying process, it is important to know 
the exact temperature of the sample during the constant rate period. 
This temperature was checked in T.WO ways. Large, expanded scale, alcohol 
thermometers were calibrated and inserted into the sample such that they 
were properly immersed according to their calibration. Care was taken to 
insure that the maximum error in these thermometers, including readout 
error was less than 0.5°F. As an additional check on the thermometer 
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readings, the sample was quickly removed from the oven and probed with a 
hypodermic-needle-type probe with a thermocouple on the end. All of these 
measurements substantiated that the temperature throughout the sample dur-
ing the constant rate period was between the limits of 210°F and 210.5°F. 
Moisture 
The local moisture measurements were made by shining a gamma ray 
beam through the sample and measuring the amount of attenuation of the 
beam due to the moisture in the beam's path, The amount of attenuation 
due to the water was determined by comparing the beam intensity through 
the sample at unknown moisture content with the intensity of the beam when 
it is shone through the same line through the sample at two known moisture 
contents. One of these known, moisture contents or calibration points, was 
zero moisture. (The beam was shone through the sample before it was wetted. 
By separate experiment, the equilibrium moisture content of the dry cotton 
in the laboratory atmosphere was determined to be less than 0.06 pounds 
of water per pound of dry cotton.) 
The other calibration point was obtained after the sample was 
wetted but before the microwave field was turned on. The total average 
moisture content of the sample could be obtained by weighing the sample. 
The beam was then shone through the sample at several measurement loca-
tions spaced along either a diameter or the cylindrical axis of the sample, 
and the intensity at each, location recorded. The average of all of these 
beam intensities was assumed to correspond to the total average moisture 
content. The intensity reading through each location could then be equated 
to a moisture content which was above or below the total average moisture 
195 
content, an amount corresponding to the amount the intensity was above or 
below the average intensity. In general, the initial moisture content 
throughout the sample was quite uniform, and the deviation in intensity 
readings from point to point was slight, making the averaging procedure 
both simple and reliable. 
The intensity readings taken both to determine the calibration 
points and also to determine the moisture content during the drying pro-
cess are all subject to statistical errors as well, as errors due to drift 
in equipment. Since the beam intensity was nearly always high enough 
such that the count rate was over one million counts per counting period, 
the error in the moisture content due to statistical variations was less 
than one percent moisture content. The error due to drift in equipment 
can be judged by the reproducibility and consistency of the readings and 
is believed to have been less than three percent moisture content. 
The overall reliability of any one reading including the individ-
ual errors and the error in establishing the upper calibration point is 
believed to be less than J:en percent moisture content (0.10 pounds water 
per dry product). 
Pressure 
As was pointed out in Chapter % one difficulty in measuring the 
pressure inside the sample was that the water vapor from inside the sample 
would flow into the leadout Teflon tubes and condense back into liquid 
water. These droplets could cause a pressure variation along the leadout 
tubes due to surface tension effects. The effect could be minimized by 
using large tubes so that the droplets tended not to fill the whole tube 
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and by vibrating the leadout tubes to disperse droplets which did form or 
to equalize the pressure on each side of the slug of water. It is felt 
that the maximum error in the pressure readings due to this effect and 
other more minor inaccuracies was one-half inch of water. 
Weight 
The weight of the sample was continuously monitored by measuring 
the strain at the root of a cantilevered metal, beam which supported the 
weight of the sample. The sensitivity of the device was 0.01 pounds. 
It is felt that; including calibration errors and drift errors in the 
strain measurement equipment., the maximum error in the weight measurement 
was 0.1.0 pounds. 
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